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Abstract

In water-scarce peri-urban agriculture systems of South and Southeast Asia, the use of industrial effluents for irrigation is gaining momentum.
Okra (Abelmoschus esculentus (L.) Moench), being a popular vegetable crop, is grown under effluent-irrigated conditions due to its adaptability
and economic importance. The review presented here compiles research articles published from 2000 to 2025 studying the effects of irrigation
with distillery, textile, tannery, paper and pulp and sugar mill effluents on okra, focusing on plant growth, physiological response, soil health
and heavy metal accumulation. Accumulated evidence demonstrates a concentration-dependent response of okra and soil systems to
industrial effluent irrigation. Effluent suitability for agriculture is strongly industry-dependent: distillery and sugar mill effluents, at low
dilution, supply useful nitrogen (N), potassium (K) and organic matter with comparatively lower heavy-metal risk, whereas tannery and textile
dyeing effluents carry substantially higher chromium, cadmium and lead loads and require treatment before safe reuse. Nitrogen,
phosphorus (P), K and organic matter are often supplemented for improved seed germination, vegetative development, chlorophyll
production, yield and nutrient availability, particularly at low effluent dilutions (5-25 %). Osmotic stress, oxidative damage, growth inhibition
and a reduction in photosynthetic activity occur at concentrations exceeding 50 %. Regardless of effluent type, continued irrigation increases
soil salt content, alters microbial and enzyme activity and drives accumulation of heavy metals cadmium, chromium, lead and nickel, which
translocate to edible pods and can exceed recommended food safety limits, posing a measurable health concern. Knowledge gaps remain
regarding varietal differences in metal uptake, stress tolerance mechanisms, molecular responses and their long-term field-scale implications
under tropical conditions. Mitigation strategies showing the most promise include biochar amendment, phytoremediation crop rotation,
constructed wetland pre-treatment and precision dilution.

Keywords: Abelmoschus esculentus; biochar amendment; constructed wetland; crop stress physiology; food safety limits; heavy metal
translocation; osmotic stress; phytoremediation; soil enzyme activity; wastewater reuse

Introduction long been utilised in agriculture (6, 7). Industrial effluents from textile,
tannery, distillery, paper mill and sugar industries differ substantially
in their physicochemical composition, reflecting their production
processes. When optimally diluted, these discharges supply balanced
amounts of nitrogen (N), phosphorus (P), potassium (K) and
micronutrients that support crop growth and enhance soil organic
matter. However, if the concentrations are not reduced through
dilution and serial application is not observed, heavy metal
accumulation, alteration of the soil microflora and movement into
edible plant tissues can cause ecological stress and human health
concerns (8). Okra (Abelmoschusesculentus (L.) Moench), a member
of the family Malvaceae, is among the most prevalent vegetables
cultivated in effluent-irrigated peri-urban farms across tropical Asia.
India is the major producer and the production is expected to be
about 7.25 million metric tonnes in 2023-24 (9, 10). The crop is

More than 72 % of global freshwater withdrawals are used to support
agriculture and the demands on freshwater for agriculture are
growing relative to freshwater demands for domestic, industrial and
environmental uses (1). Water scarcity is one of the major constraints
on food production, especially in low-income tropical and sub-
tropical countries, where increased population, urbanisation and
irregularity of rainfall result in a decrease in water availability per
capita (1-3). In peri-urban areas, smallholder farmers are increasingly
finding it difficult to access the canal and groundwater resources due
to reduced availability resulting from the abstraction by
municipalities and industries from upstream (4, 5). Consequently, the
treated industrial effluents/municipal sewage is being used as a water
source for irrigation on many farms (4). Historically, wastewater has
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tolerant of temperatures between 20 - 35 °C and can be harvested for
the first time about 10 weeks after sowing, making it ideally suited to
use in smallholder cropping operations, which may have to manage
iregular water supplies (10). The pods are rich in vitamins A, B and C,
calcium (~84 mg/100 g fresh weight), iodine, digestible protein and
dietary fibre. Okra serves as an ideal model crop for evaluating
pollution-associated risks due to its tendency to accumulate
contaminants from irrigation water. Although previous reviews have
evaluated the impacts of individual industrial effluents on soil quality,
a comprehensive synthesis focused specifically on okra productivity,
soil health and heavy metal dynamics remains lacking (11, 12). In this
review, empirical literature concering the effects of industrial effluent
irmigation on okra is synthesised across three interconnected
domains: Productivity, soil health and heavy metal dynamics. The
concentration-dependent stimulatory and inhibitory effects on
growth are assessed, the underlying physiology and biochemical
mechanisms are discussed, the pathway of metal transfer from soil to
edible pod is described and important gaps in knowledge and risk
reduction strategies are identified.

Methodology

The search process for literature involved the identification of key
search terms relevant to the study. These are related to industrial
effluent, irrigation with wastewater, okra, Abelmoschus esculentus,
soil quality, heavy metals, bioaccumulation, food safety and
remediation. The databases used for this research were Web of
Science, ScienceDirect, Scopus and Google Scholar. Only those
publications that were published in the English language in the

Table 1. Strategies for collecting appropriate review articles

period 2000 to 2025 were included. The overall methodology used
for literature identification, screening, eligibility assessment and final
study selection is illustrated in Fig. 1. The search strategies used and
the number of articles retrieved from each database are
summarised in Table 1.

The detailed criteria applied for including or excluding
articles during the selection of appropriate review papers are
presentedin Table 2.

Major industrial effluents used in agriculturalirrigation

The physicochemical characteristics of industrial effluents vary
considerably depending on industrial processes, raw materials and
treatment. Many wastewater sources, such as distillery, textile,
tannery, paper and sugar factories, are discharged into periurban
agricultural zones of South and Southeast Asia, where freshwater
resources are limited and are frequently reused for crop cultivation
(13). The major physicochemical characteristics, beneficial
constituents, contaminants of concern and potential agricultural
implications of the principal industrial effluents used for irrigation are
summarised in Table 3. Such effluents can provide agronomically
good nutrients like N, P, K, calcium, magnesium and organic carbon;
however, they frequently exhibit high biochemical oxygen demand
(BOD), chemical oxygen demand (COD), dissolved salts and
potentially toxic heavy metals, which can impair soil quality, crop
productivity and food safety (14, 13). The characteristics of distillery
effluent are its high organic loading, acid pH levels and high Kand N
contents, as well as spent wash and post-methanated distillery

Search strategy Web of Science ScienceDirect
Industrial effluent irrigation and okra (Abelmoschus esculentus) 124 421
Industrial effluent, crop productivity and soil health 287 243
Heavy metal accumulation in vegetables 412 378
Wastewater irrigation and agricultural soils 498 98
Heavy metal uptake and translocation in okra 156 134
Soil microbial activity under effluent irrigation 234 198
Seed germination and effluent toxicity 178 152
Bioaccumulation and food safety risk assessment 315 276
Crop-to-human transfer / dietary exposure 198 167
Mitigation strategies (biochar, phytoremediation and constructed wetlands) 143 119
Table 2. Criteria for inclusion and exclusion strategy for selecting an adequate review paper

Criteria Inclusion Exclusion

Studies examining industrial effluent (distillery, textile,

Focus of study tannery, paper mill, or sugar mill) irrigation on ok

health, heavy metal dynamics, or phytotoxicity
2000-25
Original research articles, experimental field studi

Publication year

Study type controlled pot/greenhouse experiments and review a
synthesising empirical data on effluent-irrigated cr
Language English-language publications only

Database access full text

At least one of: germination/seedling growth, vegetative/

(Abelmoschus esculentus) covering crop productivity, soil

Open-access and institutional-access articles available in

Studies that do not involve okra or industrial/wastewater
irrigation; purely theoretical or modelling papers with no
experimental data

Publications before 2000

ra

es,
rticles
ops

Conference abstracts, editorials, opinion pieces, book chapters
without original data, grey literature

Publications in languages other than English
Articles available only as abstracts with no full-text access
Studies reporting exclusively on unrelated crops, non-

industrial effluents with no characterisation, or non-
agricultural outcomes

Parameters yield parameters, physiological/biochemical responses, soil
reported physicochemical or biological properties, heavy metal
accumulation (BCF, TF, Health Risk Index, EDI)
Studies that characterise the effluent type (distillery spent
Effluent wash, tannery effluent, textile dye wastewater, paper

characterisation
parameters (pH, EC, BOD, COD, metal content)

Heavy metal/food

safety data
y consumer exposure assessment

Studies evaluating remediation strategies applicab

Mitigation relevance effluent-irrigated soils: biochar amendment,

dilution protocols

sugar mill effluent) or reference known physicochemical

Studies reporting metal concentrations in soil, plant tissue
or pods, or providing risk indices (BCF, TF, HRI, EDI) for

phytoremediation, constructed wetlands, or precision

mill or Studies using completely uncharacterised 'mixed wastewater'
with no effluent-type identification

> Studies reporting metal data only for atmospheric, industrial,
or non-agricultural contexts

leto
Studies on industrial wastewater treatment technology not
related to agricultural reuse or crop/soil safety
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Table 3. Major industrial effluents used for agricultural irrigation and their general characteristics

. . General . . . Potential
Type of industrial Source . . Beneficial Major contaminants .
effluent industry p:#::;g::;'s‘:i'g:l constituents of concern ianﬁgll?g;:‘ig:ls References
At low dilutions,
supplies nutrients
. . . d organic matter
High organic load, high - . anc o
. 2 Melanoidins, high  thatimprove crop
Distillery effluent Alcohol and BOD and COD, acidic to - salt load and growth; prolonged or
ey ethanol g T BT Orgae et potentialytoucnluted applation (12,15,17)
effluent) industries coloured due to metalsg()elﬂ)rir'édlng on rg)e(ly ceanuglz slael{?cﬁwy’
melanoidins phsg/%otoxicpity and
heavy metal

accumulation.

Diluted effluent may
supplement irrigation
water, whereas

Generally alkaline, high Syntheticdyes,  continuous use may

Textile dyeing _— .
Textile dyeing effluent  and finishing EC, Igih?SdDdaunedtSOD’ L'rcno';etﬂ&ljégﬁnt detergents, salts, Cr, increase soil salinity, (18, 19, 31)
industries Cu, Zn, Ni, Cd and Pb reduce germination

synthetic dyes and growth and
promote heavy metal
accumulation.

Requires adequate
treatment before
agricultural use
because long-term
irrigation may result (20,21)
in chromium

High dissolved solids .. Chromium (major
Leather - A Negligible -

- hlorid d sulphid ] . t t),
Tannery effluent processing Cva?igbﬁes SE dsel:)gncllirfg’ agronomic nutrient suclg?\iggl,nl\?:a)nd

industries ] value
on processing other trace metals accumulation, soil
degradation and food
safety concerns.
Appropriate dilution
may improve soil
Generally alkaline with . : . organic matter and
. moderate to high COD, Organic carbon, Ca, Chlorinated organic nutrient availability;
Paper and pulp mill Pulp and paper suspended solids and Mg and small compounds and long-term use may (22,23, 24)
effluent industries lignin-derived - quantities of plant trace metals such as lead lati P
ignin-derived organic nutrients 7n.Cu.Pband Cr  lead toaccumulation
compounds » e of recalcitrant
organics, salts and
trace metals.
Properly diluted
S effluent can improve
Sugar Rcl)crgalrr\]ilzlquaet%g?cvl\zgie ) Sulphates, chlorides soil fertility and crop
Sugar mill effluent manufacturing moderate BOD and COD; Oggimé mat(tjel\sl, N, aréd tracde. metals produgtl(\jnty, vl\{hetr_eas (12, 25, 33)
industries near-neutral to slightl -1, Laandllg epending on repeated apptication
indus ol gntly processing may increase salinity
alkaline pH and nutrient
imbalance.
Identification of studies via databases and registers
Records identified from
= Duplicate records removed
-E databases (n = 1340)
*= (Web of Science, ScienceDirect,
E Scopus, Google Scholar)
= (n = 3200)
Records excluded
Records screened —_— (n=1544)
- (n = 1860)
_E
= h
= Reports excluded after full-
5 Full-text articles assessed .
Ix E—— text review
for eligibility
(n = 316) * Wrong crop / not okra-specific
(n=78)
v
= Unch ct ed effl t
- Studies included in ncharaclensed effluent type
-§ the final review (n=862)
=] = Data not extractable/insufficient
= (n =71 references) (n = 48)
* Pre-2010 publication (n = 66)

Fig. 1. Methodology and literature review.
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effluent (PMDE). Dilute application has been reported to promote
okra growth and yield, while higher levels are reported to be
phytotoxic and can lead to the accumulation of cadmium,
chromium and lead in agricultural systems (15-17). The effluents
generated from textile mills are typically alkaline in nature and are
loaded with various types of dyes, salts, detergents and heavy
metals such as chromium, zinc, copper, cadmium, nickel and lead.
Plant growth could be stimulated by diluted wastewater as
nutrients; however, repeated use can lead to salt accumulation in
the soil and soil plant tissues and toxic contaminant levels in the soil
(13, 18, 19). The effluents generated by the tannery are among the
most polluted effluents as they contain a higher concentration of
chromium. These effluents are not only rich in chromium but also
contain sulphides, ammonium compounds, chlorides, sodium and
some heavy metals as well. Increased soil chromium levels, changes
in microbial populations and transfer of chromium to crop tissues
have also been reported due to long-term irrigation with tannery
effluents (20, 21). The effluents from paper and pulp mills are more
alkaline, have higher COD levels and contain high levels of
recalcitrant organic compounds such as chlorinated organics and
lignin derivatives. Although moderate levels of dilution could help
increase the soil's supply of organic carbon and nutrients, extended
use can lead to the buildup of heavy metals like zinc, copper, lead
and chromium in agricultural soils (22-24). Sugar mill effluents
generally contain high concentrations of organic matter, sulphates,
chlorides and plant nutrients, while heavy metal concentrations are
usually lower than those reported for textile and tannery effluents.
Dilute applications are used to help promote growth and fertility of
the crop and soil but will cause salinity problems and trace metal
accumulation in the soil and plant over time (25, 26). Generally, the
suitability of utilisation of industrial effluents in agriculture is highly
influenced by the chemical composition of the effluents, the dilution
of the effluents, the frequency of application and the buffering
capacity of the soil receiving the effluents. Therefore, proper
management is crucial to optimise nutrient value, while reducing
risks from salinity, soil degradation and heavy metals (13, 14, 27, 28).

Effects on seed germination and early seedling growth

Seed germination and early seedling establishment represent the
most vulnerable phase of the okra growth cycle. Unlike mature
plants, which can deploy multiple adaptive mechanisms, embryos
and young seedlings lack robust physiological buffers against
chemical stress. Studies spanning all five effluent types report a
consistent biphasic response: stimulation at low concentrations and
progressive inhibition as concentration rises.

Germination response

Industrial effluent at 5-25 % dilution provides N, K, calcium and
organic carbon for imbibition in early growth stages, enhances the
activities of alpha amylase and protease required to mobilise
nutrient reserves and allows for the normal emergence of the
radicle. Research indicated that high germination percentages were
obtained with low levels of paper mill effluent and lower
germination percentages were obtained with undiluted effluent as
compared to freshwater controls. Likewise, it has been reported that
very low concentrations of distillery effluent (around 25 %) do not
affect seed germination and higher concentrations can affect post-
germination seedling growth and establishment, even if seed
germination is successful. The results suggest that the adverse
effects of industrial effluents on early development are
concentration-dependent, as the less diluted effluents are more

4

harmful, compared with the more diluted ones (23). This separation
between germination sensu stricto and the formation of viable
seedlings is significant; radicle emergence may continue at toxic
levels, but the formation of seedlings does not (15, 23).

In a comparative study on marigold (Tagetes erecta L), a
slight stimulation of germination was observed at very low brewery-
distillery effluent concentrations, germination at 75 % produced non-
viable seedlings and complete inhibition was recorded at 100 %
concentration (29); analogous concentration-dependent suppression
of germination and seedling viability has been documented for okra
under distillery and paper mill effluent, confirming that the threshold
response is not crop-specific but is governed by effluent toxicity load
(15, 23, 30). Mixed industrial effluents decreased okra germination to
about 66 % compared to the control and biomass and yield were
seen to decrease gradually with an increase in pollutant level (31).
These patterns suggest that the germination percentage is not a
sensitive enough response parameter of an effluent's toxicity; the
vigour of seedlings and the length of the radicle are more sensitive.

Early seedling growth

The growth of radicle elongation, plumule development, hypocotyl
extension and seedling vigour index are similar in their biphasic
pattern. These parameters are near or slightly above control at 10-
25 % effluent, which reflects the nutritional value of the dilute
effluent. All parameters decrease at 50 % or more and the radicle's
growth rate is always lower than the plumule's for all effluent types,
which is thought to be due to the direct contact of the plant root with
the dissolved phytotoxicant present in the substrate (23, 31). Studies
found a decrease in radicle length and fresh weight of seedlings and
vigour index under high concentrations of distillery effluent,
suggesting that both osmotic stress and metal ion interference with
the extensibility of cell walls were responsible for this (29). The
growth-promoting activity of diluted industrial effluents has been
observed directly in okra: wastewater irrigation at appropriate
concentrations increased growth parameters, photosynthetic
characteristics, chlorophyll content, yield and nutrient homeostasis
of okra var. Nidhi, while higher concentrations (> 50 %) resulted in
chlorosis, growth inhibition and elevated phytotoxicity (15, 31). A
comparable stimulatory-to-inhibitory pattern was reported in
fenugreek (Trigonella foenum-graecum L.) irrigated with distillery
effluent at similar dilutions (32), further demonstrating that the
biphasic effluent response is consistent across different crop species
under analogous conditions.

Mechanisms of phytotoxicity

Three possible mechanisms contribute to phytotoxic effects on okra
germination and seedling growth. First, osmotic stress induced by
elevated electrical conductivity (EC) and total dissolved solids (TDS)
levels diminishes the water potential gradient between the seed and
substrate, which will directly decrease imbibition and radicle
emergence (13). Second, increased Na', Cl, Cr®* and Cd*
concentrations disrupt ion homeostasis, inhibit important enzymes
for germination like alpha-amylase and protease and generate
reactive oxygen species (ROS), which damage embryonic cell
membranes (15). Third, recalcitrant organics in distillery effluent,
melanoidins in distillery effluent, azo dyes in textile effluent and
chlorinated organics in paper mill effluent disrupt the hormonal
signalling and the synthesis of photosynthetic pigments in the
emerging seedling (13, 23). The effects of various industrial effluents
on germination and early seedling growth of A esculentus are
summarised in Table 4 as a function of the concentration.
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Table 4. Effects of industrial effluents on seed germination and early seedling growth of Abelmoschus esculentus

Effluent type Stimulatory conc.  Inhibitory conc. Germination effect Seedling effect References
No inhibition at 25 %; seeds .
- - ’ Increased radicle and plumule at
— 0, V) 0,
Distillery 10-25 % >75% g;\mgate at 100 % but do not 25 %; collapse at >75 % (15,23)
Textile/Dyein Germination reduced to 66.67  Progressive decrease in fresh/
(treated)y & <25% 50 % % at full mixed effluentvs 100  dry weight; increased (31,41)
% in control phytotoxicity index
— Decreased vigour index;
: 83-79 % germination at 100 % . . H
Paper Mill 5-25% >50 % g - increased Cr, Cd in seedling (23, 56)
vs 97-94 % in control tissues
_— Complete inhibition at 100 %; . .
Distillery + Sugar 2% >75% seeds at 75 % fail to produce Biomass increases only at very (31, 36)
Mill (combined) viable seedlings low dilutions
Severe inhibition; Cré+ directly Root tip necrosis; chlorosis at
Tannery <10% >25% low concentrations (20, 56)

inhibits germination enzymes

Impact on vegetative growth and crop development

The biphasic concentration-response  established  during
germination continues through the vegetative phase of okra
development, though the complexity of plant-effluent interactions
grows as the plant matures. Shoot growth, root development, leaf
expansion and reproductive output each respond to effluent in
patterns shaped by the balance between nutrient inputs and toxic
constituents at any given concentration.

Shoot and root growth

Shoot length, stem girth and root length, together with fresh and dry
weights, respond positively to effluent at concentrations of 5-25 %.
Studies have shown that 25 % distillery effluent produces the greatest
improvement in agronomic parameters, including root length, shoot
length, leaf number, fresh and dry weights and pod yield, during both
kharif and zaid seasons, whereas these parameters decline
progressively at higher effluent concentrations (50-100 %) (15, 23). A
similar dose-dependent response has been reported for paper mill
effluent, where 5-25 % concentrations enhanced growth and yield
parameters compared with borewell water controls across both
seasons, while concentrations of 50-100 % adversely affected plant
performance. Asimilar stimulatory response to sugar mill efluent at 5
-25 % has been documented in French bean (Phaseolus vulgarisL.),
where agronomic performance improved at moderate dilutions but
undiluted effluent elevated heavy metal concentrations and impaired
root growth and water uptake (33); analogous concentration-
dependent patterns are expected in okra cultivated under the same
effluent type, given shared physiological sensitivities. At high effluent
concentrations, Cd*, Cr*" and Pb* ions interfere with auxin-mediated
elongation and disrupt meristematic function in root tips, producing
chlorotic plants with shortened internodes (15, 31).

Leaf development and chlorophyll content

Leaf area index (LAl), leaf number per plant and total chlorophyll
concentration are integrative measures of photosynthetic capacity.
All three parameters peak at 25 % effluent, reflecting the stimulatory
effects of supplemental N and micronutrients on chloroplast
development and chlorophyll biosynthesis (15, 23). Above 50 %,
total chlorophyll and LAl decline sharply. Cadmium displaces
magnesium from the central position of the chlorophyll porphyrin
ring, disrupting the tetracyclic structure and reducing the efficiency
of both photosystem | and Il (21, 34). Chromium impedes delta-
aminolevulinic acid synthesis, a committed step in chlorophyll

biosynthesis, while high soil salinity exerts osmotic stress that
suppresses CO, assimilation and net photosynthesis (21). In a study
of textile dyeing effluent, progressive decreases in fresh weight, dry
weight and plant vigour as effluent concentration increased, with the
most concentrated treatment yielding only 24.64 g total pod yield
per plant compared with 67.97 g in groundwater controls (31).

Pod formation and biochemical quality

Five reproductive parameters, flower initiation, pod set, pod length,
pod number per plant and total yield, respond to the same
concentration thresholds as vegetative parameters. At 25 % effluent,
crude protein, crude fibre and total carbohydrates in pods reach
peak values, attributable to adequate N and organic carbon from the
effluent, enhancing both protein and carbohydrate synthesis (15,
23). Studies demonstrated that 25-40 % sugar mill effluent optimised
agronomic and biochemical outcomes in French bean (Phaseolus
wulgaris L.), with performance declining at higher concentrations;
this concentration-dependent biochemical pattern in a related
leguminous vegetable under sugar mill effluent serves as a useful
comparative reference for interpreting okra responses under similar
conditions (33). At high effluent concentrations, osmotic stress
diverts metabolic resources from pod filling toward proline synthesis
and antioxidant defence, reducing carbon supply to reproductive
sinks and depressing pod set, length and weight (15, 35). The effects
of industrial effluents on vegetative growth and yield parameters of
A. esculentus across concentration ranges are summarised in
Table5.

Physiological and biochemical responses

The growth and yield changes described in the study are underpinned
by physiological and biochemical alterations at the cellular and
subcellular levels. Effluent imigation modifies gas exchange,
photosynthetic electron transport, enzyme kinetics, membrane
integrity and secondary metabolite biosynthesis. Understanding these
mechanisms clarifies where in the concentrationresponse curve a
transition from beneficial stimulation to irreversible damage occurs.

Photosynthesis and gas exchange

At low effluent concentrations (10-25 %), net photosynthetic rates
increase marginally or remain comparable to freshwater controls
duetotheinput of supplemental N and K. When EC is greater than 50
% and when osmotic stress is equal to or greater than 50 %, the
stomata will shut down, preventing CO2 from entering and slowing
carboxylation. At the same time, Cd and Cr cause non-stomatal
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Table 5. Vegetative and yield parameters of Abelmoschus esculentus under industrial effluent irrigation
Physiological Low concentration High concentration . Effluent types
parameter (5-25 %) (50-100 %) Probable mechanism reported References
Nutrient supplementation at low
Increased shoot - L - A
o> - Progressive reductionin concentration; heavy metal toxicity (Cd, :_.:
Shoot length ?vlezn%itslgn’e?:ﬁ:?lwg shoot growth and Cr, Pb) interferes with auxin-mediated cell D'St'“er}r/na;ﬂd paper (15,23)
P 25g % y shortened internodes elongation and meristem activity at
° higher concentrations
Improved root Reduced root length, Direct exposure of roots to salts and Distillery and paper
Root length development and impaired root tipsand  heavy metals causes osmotic stress and >rlnill pap (15, 23,31)
elongation restricted water uptake inhibition of meristematic activity
Stem growth Enhanced stem Reduced stem growth  Balanced nutrient availability promotes Distillery and paper
(stem girth/ development and duetoinhibition of cell  vegetative growth, whereas toxic ions >rlnill pap (15,23)
biomass) biomass accumulation division and expansion suppress growth processes
Reduced leaf number . -
. Improved nutrient availability at low f g -
Number of Increased leaf accompanied by T ... Distillery, paper mill
leaves production chlorosis and premature concentrgzlé)eriéﬁsélenllg?ggn%zt:l toxicity and textile (15,23,31,41)
leaf senescence
Reduced photosynthetic surface caused ...
Leaf area Increased LAl and - . . O Distillery and paper
index (LAI) canopy development Sharp declinein LAl by chlorosis, leaf injury and inhibited leaf mill (15,23)
expansion
Total Increased chlorophyll  Significant reduction in Cld d|lsp.l2ce.35kll\{lgir06m ch.lor<l)phyl!l .
chlorophyll  synthesis and improved chlorophyll mo ggu eﬁthr InnIbI ls .Eammo eVUlINIC  pictillery and textile (21, 34, 36)
content photosynthetic capacity concentration acid synthesis; salinity suppresses
photosynthesis
. Improved Reduced CO, assimilationNutrient stimulation at low concentration; ._.. .
CP:?ftigiseynncthetl photosynthetic and photosystem chlorophyll degradation and osmotic Dlstlgi%/,t[e):glzr mill (15,21, 23, 34)
y performance efficiency stress at high concentration
- Reduced water uptake, inhibited cell .
Fresh weight Increased fresh biomass Marked rte)i(lun:g;)sn in fresh expansion and metabolic disturbances Textlle;?l? paper (31,41)
under high pollutant load
- o Reduced carbon assimilation and -~ .
. Increased dry matter Progressive declineindry . ~% s Distillery, textile and
Dry weight accumulation biomass diversion of assimilates towards stress paper mill (15,23,31,41)
responses
Flower - - Osmotic stress and reproductive
initiation and Improg(ejdfglrcxvaetrigf and Reduceadnzlovgzrsr:ttentlon impairment under elevated contaminant Distillery (15, 35)
pod set P P concentrations
Maximum pod Progressive decline with L T
Pod number : o : : Reduced assimilate partitioning and -
per plant productlgfrf]lsgcr)]ltmd 25% '”ifﬁﬁ;ﬁgtr‘;ftﬁlgﬁnt impaired reproductive development Distillery (15,23)
; : . Significant yield . . .
- Highest yield obtained : Lower photosynthesis, impaired nutrient . .. -
Pod yield : I reduction under N Distillery and textile (15, 23, 31)
at optimum dilution concentrated effluent balance and reduced sink strength
Adequate nitrogen supply enhances
- Increased protein Decreased protein protein synthesis at low concentration; fi
Crude protein accumulation content stress inhibits storage protein Distillery (15,23)
accumulation
; ; Declined at higher Reduced carbohydrate metabolism and C
Crude fibre Improved fibre content effluent concentrations altered cell wall synthesis Distillery (15,23)
Total Increased carbohydrate Reduced carbohydrate  Carbon diverted from growth to stress Distiller (15,23, 35)
carbohydrates accumulation content metabolism and antioxidant defence y e

limitations by affecting the oxygen-evolving complex of PSIl and QB
protein, which results in decreased quantum vyield and increased
non-photochemical quenching (36). Irrigation of okra with
wastewater was reported to reduce stomatal conductance, net
photosynthetic rate and leaf water potential, reflecting disruption of
plant water relations and carbon assimilation (31, 36). These
physiological constraints can reduce photosynthetic carbon fixation
without the development of obvious symptoms like chlorosis or
growth stunting. A comparable pattern of wastewater-induced
photosynthetic suppression and reduced stomatal conductance has
been documented in wheat (Triticum aestivumL.) (37), reinforcing
that impairment of gas exchange is a conserved stress response
across crop species irrigated with industrial effluents. Biochemical
and physiological changes, therefore, provide early signals of stress
and can lead to changes in crop performance before visible
symptoms appear.

Oxidative stress and antioxidant enzyme responses

High concentrations of production of ROS (superoxide [O] and
hydrogen peroxide [H.0:.] and hydroxyl radicals [OH]) can be
produced by industrial effluent with high content of heavy metals

and recalcitrant organic contaminants. The presence of
polyunsaturated fatty acids (PUFA) in membrane lipids is well
known to be oxidised, resulting in the accumulation of
malondialdehyde (MDA). Similarly, proteins and nucleic acids can
also be damaged and meristematic cells and photosynthetic cells
are particularly susceptible to damage due to high metabolic activity
(38). In turn, okra activates a multi-component antioxidant defence
system under heavy metal and effluent-induced oxidative stress:
catalase (CAT) and ascorbate peroxidase (APX) remove H202,
superoxide dismutase (SOD) converts O,— to H,O, and glutathione
reductase (GR) maintains the ascorbate-glutathione cycle. Studies
on okra exposed to cadmium stress have confirmed significant
upregulation of SOD, CAT and APX activities alongside elevated MDA
and proline accumulation, demonstrating that these enzyme
systems are directly activated in A. esculentus in response to heavy
metal loading (39). Glutathione peroxidase (GPX) also helps
neutralise peroxides present in the vacuolar and apoplastic
compartments (38). In roots, GPX stimulates peroxidase activity,
promoting endodermal lignification and strengthening of the
Casparian strip, thereby reducing the symplastic movement of
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heavy metals. This structural defence will lead to simultaneous
reduction in the radial water transport and nutrient transport of the
plants, which further aggravates the negative effects of industrial
effluent on the water relations of the plants (13). Similar antioxidant
enzyme responses to distillery effluent irrigation have also been
documented in wheat (T. gestivum) and mustard (BrassicajuncealL.)
as comparative evidence of the broader stress mechanism across
species (40).

Osmoprotectant accumulation

Okra accumulates compatible solutes to maintain cell turgidity
under effluent-induced water stress. In leaf and root tissues, proline
accumulates under osmotic and ionic stress, which decreases the
cellular water potential without disturbing normal metabolism. Its
concentration increases with effluent concentration but acts as a
stress severity marker rather than an effective adaptive response at
high effluent levels (35). In addition, total soluble sugars (TSS) and
glycine betaine accumulate, which help in cytoplasmic osmotic
adjustment and stabilisation of protein quaternary structure during
dehydration. The agronomic relevance is the high carbon and N cost
of osmoprotectant synthesis, which diverts resources from pod
filling and decreases crude protein and pod dry matter at high
effluent concentrations (15, 23).

Secondary metabolites and phenolic compounds

Industrial effluent stress alters secondary metabolism in okra,
especially the phenolic compounds, flavonoids and mucilage
components. When the concentration of heavy metal is at a
moderate level, total phenolic content is increased in response to
induction of the phenylpropanoid pathway that can act as a ROS
scavenger, as well as a lignin precursor for strengthening the cell walll
against heavy metal stress (34). Vacuole-localised flavonoids chelate
free metal ions, limiting their bioavailability for interactions with
enzymes or membranes. This protective response is effective at low
to moderate effluent concentrations but fails in high effluent
concentrations because of the reduced ability to build up phenyloid
biosynthesis capacity. The mucilaginous polysaccharides in okra
pods are also modified, such as pectin, hemicellulose and
glycoproteins, which affect their galacturonic acid content and
pectin esterification degree and change the texture and viscosity of
the okra pods, thus reducing the organoleptic quality and nutritional
value. The key physiological and biochemical responses of A
esculentus to industrial effluent irrigation at low and high
concentrations are summarised.

Mechanism of response

Physiological and biochemical evidence presented in the study
points to a unifying principle: the reaction of okra to the industrial
effluent irrigation is threshold-driven and concentration-dependent
and not linear. The nutrient contribution of effluent N, P and K is
more important than the toxic load of salts and other trace metals at
low to moderate levels of dilution (10-25 %). Gas exchange is
facilitated or slightly increased, the antioxidant enzymes (SOD, CAT,
APX, GR) are not induced in a sustained manner, while the
biosynthesis of phenolics and flavonoids is increased just enough to
chelate the free metal ions and strengthen the cell walls without
consuming a large share of carbon for reproductive growth (34). At
this stage, proline and other osmoprotectants build up as an
authentic adaptive buffer without measurable metabolic cost (35).

Once the effluent concentration and the resulting electrical
conductivity/osmotic stress are greater than about 50 %, this

equilibrium is lost. Photosynthetically induced stomatal closure
(when carbon assimilation decreases in response to osmotic stress)
is combined with stomatal closure due to nonstomatal, metal-
mediated, damage to PSIl oxygen-evolving complex, which
becomes apparent physiologically prior to its appearance
morphologically (36, 37). At the same time, ROS production
increases at a higher rate than the buffering capacity of the
antioxidant system and therefore CAT, APX, SOD and GR levels also
increase, as a sign of the degree of stress, but not as a controlled
defence against it, along with increased MDA, which reflects actual
damage to the membranes (38, 39). The same trend is observed for
the secondary metabolite pool, where phenolic and flavonoid
induction becomes protective at moderate concentrations,
stabilises and then becomes ineffective when the biosynthetic
capacity is surpassed, allowing metal ions to interact with
membranes and enzymes (34). The carbon and N use of supporting
such defences is also increasingly diverted away from production of
the pods and is also a cause of yield depression (15, 23).

The biphasic response obtained from wheat, mustard and
fenugreek exposed to similar types of effluent suggests that this
threshold response is not okra-specific but can be generalised as a
property of plant tolerance to industrial effluent stress. In practice,
this model suggests that the safe range of dilution for irrigation lies
on one side between nutrient limitation and on the other side a
narrow physiological limit around 50 % effluent strength beyond
which damage increases in a non-linear fashion (13, 31, 36).

Influence onyield and yield attributes

The important composite parameters of the above vegetative and
reproductive processes directly involve growers and are pod
number per plant, individual pod weight, pod length, pod girth and
marketable yield. The results of the available data show a consistent
concentration-response relationship, in which yields areincreased at
lower effluent concentrations and decreased at higher
concentrations, with the magnitude of the increase or decrease
dependent upon the type of effluent and season.

Pod number per plant is the best correlated of these
parameters with pollutant load because it reflects both the success
of pollination and the ability of the plant to support the development
of fruits to harvest maturity. In one investigation, the maximum
pods/plant were found in the kharif season with 25 % distillery
effluent (DE), followed by appreciable reduction in the higher
concentrations and at 100 % DE, it was lowest in pods/plant in the
kharif season. A similar trend was observed with other effluents, okra
var. The IHR-31 treated with paper mill effluent had the maximum
number of pods at 25 % efficiency level, while 100 % efficiency
decreased the number of pods by 30-45 % when compared to
borewell water control (15). Individual pod weight also followed the
same trend; pods from plants grown at lower concentrations were
heavier and more turgid, whereas those from plants grown at the
higher concentrations were not as heavy or turgid, because
assimilates could not be efficiently loaded in the phloem.

This reduction in pod number and weight translates into
reduced pod size and marketable grade as okra is sold mostly by
pod size in regional markets. Effluent concentration can have two
interrelated effects on pod length and girth: a direct effect through
inhibition of growth of the developing pericarp and an indirect effect
via reduction in the photosynthates available at high concentrations,
which is a result of leaf area and chlorophyll loss. This reduction can
be significant; for example, with the most intensive textile dyeing
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effluent treatment, the pod yield decreased by approximately 64 %
(41 g) compared to the groundwater controls (67.97 g) (31). Similar
concentration dependence was seen in the case of paper mill
effluent; germination and seedling growth were satisfactory at low
irrigation rates and they decreased significantly with increasing
concentration (23). The addition of mixed industrial wastewater
(MIW) added another layer of complexity, with overall yields being
good, but pod length being inconsistent and pod skin integrity being
affected at high metal loading, resulting in some of the harvest that
was discoloured and not suitable for market.

A change in resource allocation is behind these yield and
quality losses. High effluent concentrations lead to a decrease in
harvest index because carbon and N are shuttled to stress-response
pathways like proline synthesis, antioxidant enzyme upregulation
and ion exclusion. The nutritional composition has the same
inflexion point, with pod tissue being highest in crude protein, crude
fibre and total carbohydrate content around 25 % effluent, with
sufficient N and organic C, but decreasing at higher levels due to
interference with protein biosynthesis and starch metabolism by the
accumulation of metals (15, 23). Importantly, these biochemical
modifications are not apparent to the consumer, nor can they be
detected by a conventional market inspection and indicate the need
to be analytically monitored throughout the production and
distribution of produce that is irrigated with industrial effluent.

Impact onsoil health

Industrial effluent irrigation alters soil health through three
interconnected pathways: changes to physicochemical properties,
degradation of biological activity and shifts in nutrient cycling
capacity. These changes accumulate with each irrigation cycle and
can be difficult to reverse once critical thresholds are crossed,

making soil deterioration a longer-lasting consequence of effluent
irrigation than any single season's yield outcome. The concentration
-dependent progression of soil health impacts is illustrated in Fig. 2,
which depicts the transition from beneficial nutrient inputs at low
dilutions (5-25 %) to degraded soil conditions under long-term
continuous use. Soil physicochemical, biological and nutrient
responses to industrial effluent irrigation vary markedly with effluent
type and concentration (Table 6).

Physicochemical properties

The direction and magnitude of physicochemical change depend
strongly on effluent type and dose. Distillery effluent applied at5-25 %
dilution increases soil organic carbon and available N, P and K, with
only moderate change in electrical conductivity (EC) in a beneficial
range under controlled irrigation. Beyond 50-100 % strength,
however, distillery effluent drives EC and sodium adsorption ratio
(SAR) sharply upward, promoting sodicity and progressive
deterioration of soil structure (15, 28). Paper mill effluent shows a
comparable pattern: at5-25 % dilution itimproves soil organic matter
and nutrient status, but at > 50-100 % concentration it increases
alkalinity and salt accumulation, degrading soil physical properties
over time (23, 28, 41). Textile dyeing effluent produces only a slight,
short-term improvement in soil nutrient status at 10-25 % dilution,
while concentrations above 50-100 % cause salt accumulation and
heavy metal build-up in the soil profile (31). Tannery effluent, whether
applied at high concentration or over prolonged irrigation, drives
chromium accumulation and soil acidification, producing the most
severe deterioration in soil quality among the effluent types
considered here (20,21,43).

Beyond these type-specific effects, continuous effluent use
in general raises EC and SAR, favouring sodicity; the subsequent

Table 6. Effect of industrial effluent type and concentration on soil physicochemical, biological and nutrient properties

Igflla:e%ft Concentration/dose Phys(!;g;gz?lcal So:IeI;?(::ELcal Nutrient dynamics Overall impact References
Increased soil organic
- carbon and available Increased microbial  Improved nutrient .
Bil?lﬂ!ﬁ;y 5-25 % dilution N, P and K with biomass and enzyme availability and conBt(:Qﬁ;g:l u?iggtrion (15, 28)
moderate changes in activity mineralisation PP
EC
Reduced microbial .
. Increased EC, SARand . Reduced nutrient
Bil?lﬂ!ﬁ;y >50-100 % salinity; deterioration abcltci)\r/Ti]tEilgg 3[}2 fgﬁ%r:\fy mineralisation and pro/?g;l/g;sdeilr"rri]g:trion (15, 28, 42, 43)
of soil structure metal accumulation nutrient-use efficiency
. Improved soil organic . . . -
Paper mill Cor o Al 2 Moderate stimulation Increased nutrient Beneficial under
effluent 5-25 % dilution mattersatr;;jur;utnent of microbial activity availability appropriate dilution (23)
- Increased alkalinity, Decline in microbial Phosphorus fixation
Paper mill o salt accumulation and - g :
effluent >50-100 % deterioration of soil _a<tivity fqllqwmg and reduced nutrient Adverse (23,28, 41)
physical properties prolonged irrigation availability
- Slightimprovementin . . . N .
Textile o Al g - : Minor stimulation of Limited improvement Limited short-term
effluent 10-25 % dilution soi&tgr(lje“rsjttis;z;tus microbial activity  in nutrient availability benefit (31)
. . Inhibition of microbial -
Textile Salt accumulation and ; - Reduced nutrient
>50-100 % - biomass and soil : - Adverse (31,42,43)
effluent heavy metal build-up enzyme activities cycling efficiency
Chromium T
: . Stronginhibition of .
- - accumulation, soil Reduced nutrient
Z?f?uneer:%/ H[f:[ggggg?g?g;%%gr acid.ification and ) u?ezg)édarr?gz?l?:ﬁﬁe miner.alisation.a.nd Highly adverse (20, 21, 43)
deterioration of soil phosphatase activities functional fertility
quality
Altered microbial
Industrial/ Increased EC, SAR community - .
> ; ’ ’ P Declining nutrient-use
municipal - P organic matterand composition, reduced - h - -
wastewater Contl(r;ul%uselgrrls%atlon salt accumulation  microbial activity and h;eflqg:'etrc‘)?a/ldneustelitei\t Prdoegrre;j;eiosr?ll (28,41, 44, 47)
(long-term y with deterioration of enrichment of g content g
use) soil physical structure antibiotic resistance

genes
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Low dilution (5 -25 %)

Adds nutrients and organic
matter, improves microbial
activity and soil fertility.

Balanced impact; benefits with some
risk of salt accumulation and
microbial alteration,

Overall impact on soil health

Moderate dilution (25 -50 %) High concentration (> 50 %) Long-term continuous use

Salinity stress, toxicity, microbial
imbalance, enzyme inhibition and

"ﬁ?.ﬁ-‘

Accumulation of salts and heavy
metals, loss of soil fertility and

soil degradation. degraded soil health.

Fig. 2. Overall impact of industrial effluent irrigation within the varying intensity and duration of use. Low dilution (5-25 %) releases nutrients
and enhances microbial activity, moderate dilution (25-50 %) has a balanced effect and has some risk of salinity, while high concentration
(> 50 %) creates salinity stress, toxicity and soil degradation; and long-term continuous use causes salt and heavy metal accumulation and

irreversible loss of soil fertility.

stage is dispersion of clay aggregates, leading to loss of macropore
structure and reduced saturated hydraulic conductivity. Sewage
effluent irrigation specifically has been shown to raise EC, organic
carbon and the availability of N, P and K, with short-term agronomic
benefits that are progressively offset by salt accumulation and
degradation of soil structure, porosity and aeration under prolonged
irrigation (28). Extended use of wastewater for irrigation has been
shown to degrade soil structural integrity and crop quality (41). Soil
pH direction depends on effluent source: distillery and tannery
effluents are acidic and lower soil pH and exchangeable acidity,
while paper and sugar mill effluents are alkaline. This pH shift alters
nutrient form and availability. Acidification raises manganese and
aluminium to phytotoxic levels and increases precipitated
aluminium, while alkalinisation precipitates P as calcium
phosphates, reducing plant-available P even though total soil P
remains high (14). Organic loading over time also raises organic
matter content and temporarily increases water-holding capacity
and bulk density, though compaction during intensive irrigation and
aggregate destabilisation under sodic conditions gradually offset
this gain.

Soil biological activity and microbial communities

Soil biological response to effluent irrigation is similarly dose- and
type-dependent. At the low-dose end (5-25 % for distillery and paper
mill effluent, 10-25 % for textile effluent), microbial biomass carbon
(MBC), microbial biomass nitrogen (MBN) and enzyme activity are
moderately stimulated, reflecting a short-term fertility benefit (15, 23,
31, 28). At high concentrations (> 50-100 %) or under chronic
application, this benefit reverses across all effluent types: heavy
metal accumulation shifts microbial community composition
toward metal-tolerant species and inhibits microbial enzymatic
activity, reducing overall microbial activity (42). Tannery effluent
produces the most pronounced biological disruption, with strong
inhibition of dehydrogenase, urease and alkaline phosphatase
activity driven by chromium accumulation (20, 21, 43). More broadly,
cadmium and chromium inhibit the electron transport chain (NAD*/
NADH) and significantly suppress dehydrogenase activity, an
indicator of overall oxidative metabolism in soil microorganisms.
Heavy metals also disrupt urease and alkaline phosphatase activity
required for N and P mineralisation, respectively, through

competitive displacement of their cofactors, zinc and nickel (43). This
decoupling of total nutrient pools from functional fertility has been
quantified in chromium-contaminated Vertisols: As heavy metal
loading increases with continued effluent input, total nutrient levels
rise, but the capacity to mineralise those nutrients into plant-
available forms declines (43). Long-term industrial and municipal
wastewater irrigation compounds this effect, introducing antibiotic
resistance genes and carbon-sequestration genes into the soil,
indicative of simultaneous selection pressure on both (44). Across
effluent types, an initial rise in salts, organic matter and nutrients
gives way, after roughly 10 years of continuous irrigation, to declining
biomass productivity despite elevated soil nutrient content, clear
evidence of progressive soil degradation (28, 41). On this basis, soil
biological monitoring is recommended alongside routine soil
chemical testing.

Nutrient dynamics and long-term fertility trajectory

In the short to medium term, effluent irrigation increases soil
available N, P, K, sulphur, calcium and magnesium at appropriate
dilutions. In the longer term, however, nutrient use efficiencies
decrease due to reduced enzyme activity and hence slower organic
N mineralisation, pH changes and metal speciation changes that
result in nutrient fixation and sodium displacing K from exchange
sites that reduce the plant-available nutrient pools (14, 27, 45-48).
The CO2 evolution from chromium-contaminated soils indicates
reduced carbon mineralisation compared to uncontaminated soils,
suggesting a structural deficiency in the ability to mineralise
nutrients from organic matter (43). This functional loss of fertility is
limiting for okra, which needs nutrients in the rooting zone to be
available as soon as possible.

Heavy metal dynamicsin the soil-plant system

Before tracing how metals move through the soil-plant system, it is
necessary to establish that the effluents themselves are a direct
source of heavy metal loading, independent of any subsequent soil
transformation. Of the five effluent types characterised in Table 7,
tannery effluent carries the highest chromium burden, a
consequence of the chrometanning process, along with
measurable cadmium, lead and nickel (20, 21) textile dyeing effluent
contributes chromium, copper and zinc from dye mordants and
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Table 7. Key physiological and biochemical responses of Abelmoschus esculentus to industrial effluent irrigation
Parameter Response at 10-25 % effluent Response at>50 % effluent Primary mechanism References
- Increased or equivalent to Decreased stomataland PSIl  Non-stomatal limitation under
Net photosynthetic rate control inhibition osmotic stress (31, 36)
o Decreased; ABA-mediated Elevated root-zone EC; reduced
Stomatal conductance Maintained closure leaf water potential (31,36)
. Decreased enzyme . .
- Increased adaptive : : ROS-induced gene expression,
SOD, CAT, APX activity upregulation denaturatlcigaa(}hlgh metal then metal-mediated inhibition (38,39)
L - Increased, proportionalto ~ Membrane fatty acid oxidation by
MDA (lipid peroxidation) Low / near-control metal concentration OHand O, (38,39)
- - High accumulation; indicator Osmotic adjustment; cytoplasmic
Proline content Moderate increase of stress severity protection (35,39)
. Increased nitrogen-stimulated Decreased; metal Cd inhibits NR; ribosomal function
Total soluble protein synthesis denaturation; ROS oxidation is suppressed (23,39)
Total phenolics/flavonoids Increased metal-chelation Declines at extreme Phenylpropanoid pathway (34)

response

concentrations

activation

ABA: abscisic acid; APX: ascorbate peroxidase; CAT: catalase; Cd: cadmium; EC: electrical conductivity; MDA: malondialdehyde; NR: nitrate
reductase; O,: molecular oxygen; OH: hydroxyl radical; PSII: photosystem II; ROS: reactive oxygen species; SOD: superoxide dismutase.

finishing auxiliaries (13, 18, 19) paper and pulp mill effluent adds zinc,
copper, lead and chromium from pulping and bleaching chemicals
(22-24) distillery effluent carries comparatively lower but non-
negligible cadmium, chromium and lead (15-17) and sugar mill
effluent is the least metal-loaded of the group (25, 26). This effluent-
level characterisation is the baseline against which subsequent soil
accumulation and plant uptake, discussed below, must be
interpreted.

Detection and quantification of these metals across the
reviewed literature is performed principally by atomic absorption
spectrophotometry (AAS) and inductively coupled plasma optical
emission or mass spectrometry (ICP-OES/ICP-MS), following acid
digestion of the effluent, soil or plant tissue matrix. A sample is
classified as exceeding safe limits when its metal concentration
surpasses the applicable regulatory threshold national effluent
discharge and irrigation-water standards for cadmium, lead and
total chromium and FAO/WHO soil and food-safety guideline values
for the same elements. It is this threshold-based detection criterion,
rather than the raw concentration alone, that determines whether
an effluent requires treatment before it can be safely used for

irrigation.

The pathway from industrial effluent through the soil system
to root uptake and upward translocation to harvestable pods is
depicted in Fig. 3.

Metal bioavailability and soil speciation

The total concentration of heavy metals in soil is a poor indicator of
plant uptake, because only the bioavailable fraction (that in soil
solution or loosely bound to exchange sites and thus available to the
root surfaces) is available for uptake. The pH, organic matter
content, redox potential and competing ion concentrations of the
soil determine the metal speciation. In acidic soils (as are distillery
and tannery effluent-irrigated soils), cadmium and zinc are mostly
present as free ionic species (Cd* and Zn?'), which are most readily
absorbed. Chromium behaviour is more complicated; Ce* is tightly
bound to soil organic matter and Fe oxides and is not mobile, while
Cr¥*exists as chromate (CrO4%) or dichromate and is very
bioavailable (21). A temporary complexation of metals with elevated
organic carbon in effluent loading may result in a temporary
decrease in bioavailability, but subsequent release of metals from

Relative accumulation pattern

Shoot ,‘g [ Moderate
Pod / P owest

Translocation pathway
soil » root » shoot » pod

Soil system
Industrial effluent

(Cd, Pb, Cr, Zn, Ni) matter, bioavailable fraction)

Heavy metal dynamics and risk pathway in effluent-irrigated okra

Translocation to shoots

Xylem transport

(Metal speciation, pH effects, organic

Heavy metals

060006

Uptake by roots from soil

Root accumulation
(Highest metal storage)

Fig. 3. Heavy metal dynamics and risk pathway in effluent-irrigated okra (Abelmoschus esculentus). Industrial effluent (Cd, Pb, Cr, Zn, Ni) enters
the soil system, root uptake depends on the metal species, pH, organic matter and bioavailable fraction. The translocation pathway consists of
the movement of metals from the soil, through the root, to the shoot and finally to the pod. In each case, the highest levels are recorded in the
roots, moderate levels in the shoots and the lowest, although measurable, in the pods.
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the complexation as organic carbon decomposes will create a
delayed pulse of metals in the soil solution that will last for several
seasons after the active effluent application. Effluent chemistry has
been demonstrated to have a significant impact on soil fertility
trajectories and heavy metal bioavailability across irrigated crops; for
example, such dynamics have been quantified in rice (Oryza sativa
L.) irrigated with mixed wastewater sources (26) and equivalent soil-
plant metal transfer pathways are consistently reported in effluent-
irrigated okra and other vegetable systems (49, 50).

Root uptake and intermal translocation

There are two routes for the entry of metals into the roots of okra.
Metals are passively transported along the apoplastic pathway to
the endodermis, where the casparian strip prevents further
movement. This barrier must be overcome by the metals, which will
then have to pass into the symplast through membrane-bound
transporters, which are frequently poorly selective, such as the zinc-
regulated transporter, iron-regulated transporter-like protein (ZIP)-
family transporters shared with zinc, or the calcium channels shared
with lead because of the similarity in ionic radius (36, 51). In the
symplast, metals are transported through plasmodesmata and into
the xylem for long-distance transport to aerial organs. In previous
studies, the distribution of metals in the tissues of okra grown with
mixed industrial wastewater was reported and it was observed that
the root is the main tissue for the accumulation of most of the
metals, whereas the pods accumulate the lowest concentrations,
indicating that roots serve as a partial barrier to upward metallic
translocation. Despite this, measurable amounts of cadmium, lead,
chromium, copper, zinc, nickel, iron and manganese were found in
the harvested pods, increasing with the amount of metals in the soil.
The same accumulation pattern has been reported with okra crops
cultivated along a polluted river in Nigeria, which indicates that the
transfer of metals to edible tissues is consistent irrespective of
geographical and effluent conditions (52).

Bioconcentration and translocationfactors

There are two dimensionless indices to measure the movement of
metals in the soil-plant system. The bioconcentration factor (BCF =
plant tissue concentration/soil concentration) reflects the efficiency
of root uptake and values greater than 1.0 represent active uptake.
The translocation factor (TF) is the ratio of the concentration of the
metal in the shoots to the concentration of the metal in the roots.
Cadmium and zinc BCF values are often greater than 1.0 in okra,
indicating that the crop is susceptible to these elements, whereas
the BCF values for chromium and lead are usually less than 1.0,
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because they have a higher soil binding capacity and lower
membrane permeability (36, 49). The accumulation patterns of
heavy metals in the different vegetable species irrigated with
wastewater are indicative of the fact that okra is not an isolated
problem of food safety in wastewater-irrigated agriculture systems
but is part of a larger problem (53-55). The TF values of most metals
are below 1.0 (56) and pod concentrations in most cases do not
exceed the maximum permissible limits set by FAO/WHO, even with
sub-unity TF values for cadmium and lead, in the case of high soil
metal loading. Elevated concentrations of chromium , cadmium,
lead and nickel were detected in okra pods cultivated under effluent
irrigation, exceeding permissible limits, with the highest
accumulation observed in tannery-effluent-irrigated plots in Uttar
Pradesh, India (50). These findings highlight the dietary importance
and the fact that chronic dietary exposure to heavy metals via the
consumption of effluent-irrigated vegetables is a measurable public
health risk, especially for populations who consume local produce as
a major dietary component (57-59). The bioconcentration factors,
translocation factors and food safety risk levels for key heavy metals
inA esculentus under effluent irrigation are presented in Table 8.

Implications for effluent treatment

The above pod-tissue concentrations further support the idea that
dilution alone, as discussed in earlier in the present study, is not a
good means of ensuring that heavy metal loading does not exceed
the detection limits reported above, especially for tannery effluent
containing chromium and for textile effluent containing lead and/or
cadmium, when irrigation is repeated over several seasons. The
effluents that are not within these values must then be treated
before use in fields instead of being treated as dilutions. Constructed
wetland pre-treatment can lower concentrations of heavy metals in
industrial effluent by 30-60 % through physical filtration, microbial
transformation and phytoextraction (60-69); biochar amendment
can provide an additional route for heavy metal immobilisation,
after application to soil, via sorption, ion exchange and precipitation,
which can also be adjusted to plant growth stage (60-62); and
precision dilution protocols that involve realtime monitoring of
conductivity, pH and metal concentration can ensure the dilution
ratio is adjusted according to the plant growth stage instead of being
applied at a fixed rate (70, 71). A detailed consideration of these
options are given in this study.

Mitigation strategies and future directions

The weight of evidence reviewed here supports a precautionary
approach to industrial effluent imigation of okra. Several mitigation

Table 8. Heavy metal accumulation and transfer in Abelmoschus esculentus under effluent irrigation

Metal Bioavailable form Primary uptake pathway BCF in okra TF in okra Pod risk level Key reference
Cd Cd* (acidic soils) ZIP transporters >1.0 <1.0 High (HRI >1.0) (36, 49)

Zn Zn* (acidic soils) ZIP transporters >1.0 <1.0 Moderate (36,49)

Cr Cr®* asCrO4?> Passive d:fgi:'l?en +active <1.0 <1.0 High (Cr® carcinogenic) (36, 56)

Pb Pb?* Ca? channels <1.0 <1.0 High (HRI>1.0) (36,49)

Ni Ni2* Non-specific cation channels <1.0 <1.0 Moderate (50, 56)

Fe Fe?/Fe®* IRT transporters Variable <1.0 Low (56)

Mn Mn?* NRAMP transporters Variable <1.0 Low (56)

BCF: bioconcentration factor; Ca?: calcium ion; Cd?**: cadmium ion; Cr®: hexavalent chromium; CrO,%: chromate ion; Fe**: ferrous ion; Fe3*:
ferric ion; HRI: health risk index; IRT: iron-regulated transporter; Mn?": manganese ion; NRAMP: natural resistance-associated macrophage
protein; Ni**: nickel ion; Pb?*: lead ion; TF: translocation factor; ZIP: zinc-regulated transporter, iron-regulated transporter-like protein; Zn*:

zincion.
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strategies have sufficient preliminary support to warrant further
investigation and field validation under tropical smallholder conditions.

Biocharamendment

The use of biochar is highly beneficial in the immobilisation of heavy
metals and reduction in the translocation to plant tissues in
contaminated soils. This is attributed to the presence of a large
specific surface area, porous nature, abundance of oxygen-
containing functional groups (carboxyl, phenol, lactone) and cation-
exchange sites that contribute to biochar being an ideal soil
conditioner and heavy metal immobiliser (60). Studies have
demonstrated that biochar phosphate can decrease the mobility
and translocation of cadmium to tomato fruits in a contaminated
soil and similar results can be projected for okra plants (60). Metal
retention takes place due to sorption, ion exchange and
precipitation reactions, alongside positive changes brought about by
improvement in soil structure, moisture retention capability and
microbial activity (61, 62). When biochar is combined with the use of
phytoremediating species, the efficiency of the remediation process
is improved through soil improvement, growth promotion and
increased metal accumulation in hyperaccumulating plants (63, 64).
However, it is not yet determined whether the optimal feedstock,
rates and efficacy under tropical field conditions with respect to the
okra species. Furthermore, the long-term stability of metal-biochar
complexes under alternating wetting-drying cycles, particularly in
soils subject to effluent-induced acidification, requires
comprehensive investigation.

Phytoremediation rotation

An alternative practical strategy for progressive cleaning of
contaminated soils may be through phytoremediation rotation
programs that incorporate cycles of metal-accumulating plants
between okra production cycles. Plants reported to accumulate
contaminants from contaminated effluents such as sunflower
(Helianthus annuus L.), Indian mustard (B. juncea) and vetiver
(Vetiveria zizanioides (L.) Nash) for the recovery of cadmium, lead and
chromium from contaminated soils (65). Inoculation with plant
growth-promoting rhizobacteria (PGPR) could improve the
efficiency of phytoremediation by improving metal solubilisation in
the rhizosphere and improving plant growth, thus increasing the
amount of metal removed per cycle (66). Removal of productive
land from vegetable production needs to be approached with care,
as this could impact smallholder farmers whose livelihoods are
dependent on such land for day-to-day income generation. The use
of chelating agents like EDDS and citric acid during chelation-
phytoextraction would be very helpful in metal removal from the
rhizosphere (67).

Constructed wetland pre-treatment

The use of constructed wetlands represents an inexpensive and
environmentally friendly method for reducing metal loadings before
irrigation. In such systems, surface-flow and subsurface-flow
wetlands containing species such as Typha, Phragmites or
Eichhornia plants can reduce the presence of suspended solids in
industrial effluents by 60-90 %, as well as BOD by 40-70 % and heavy
metals by 30-60 %. This would entail removal of impurities by
means of physical filtration, microbe-induced transformations, as
well as phytoextraction (68). Such wetlands could ensure that metal
loadings in industrial effluents fall within the 5-25 % range, wherein
agricultural advantages exceed any toxicity issues, while at the same
time providing a biomass that could serve as biochar or composting
material. The limitations with wetlands include land area needs,
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variations in performance depending on seasons and the necessity
for harvesting metal-contaminated wetland sediments periodically.
The performance characteristics of constructed wetlands depend on
the hydraulic loading rates, along with plant selections (69).

Precision dilution protocols

The application of realtime measurement of the electrical
conductivity, pH values and metal concentration, as well as
automated mixing valves for drip irrigation, may enable the timely
adjustment of the dilution ratio according to the phases of plant
growth and environmental conditions. Dilution ratios would depend
on the stage of plant growth, with higher dilutions being used during
germination and early seedling development due to their high
sensitivity and moderate concentrations at the phase of maximum
vegetation due to nutrient demand. A combination of soil moisture
sensors and weather forecasts may help achieve higher efficiency in
water use while minimising metal accumulation. Technologically,
the approach is proven for precision agriculture; however, applying
theidea to smallholders' effluent irrigation systems requires cheaper
technologies, readily available sensors and appropriate tech
infrastructure (70). Use of cheap electrochemical sensors for real-
time analysis of conductivity and pH is an encouraging option for
technology adaptation (71).

Drawbacks and limitations of mitigation strategies

Each of the above strategies is promising in the early stages, but all
four have limitations that limit their field-readiness. The optimal
feedstock and application rate for tropical field conditions are not yet
determined for biochar amendment in okra and the durability of
metal-biochar bonds in the presence of repeated wetting-drying
cycles and soil acidification by effluent use is uncertain (60-62). The
rotation for phytoremediation involves the exclusion of productive
land from vegetable production for one or more rotations, benefiting
only the larger farmers with access to surplus land and adversely
affecting the smallholder farmers who rely on the land for their
livelihood (65-67). The land area required for constructed wetland
pre-treatment is not always available in smallholder systems and
may change seasonally in the ability of the system to remove metals;
and the sediment produced by the constructed wetland contains
metals in solution, which must be harvested and safely disposed of
periodically (68, 69). Altthough such precision dilution protocols have
been shown to work in commercial precision agriculture, they are
not extensively tested in smallholder effluent-irrigated systems and
are expensive to implement in reaktime (70, 71). All projections have
not yet been field validated under tropical smallholder conditions for
okra; none of the four strategies has been tested. The major
drawbacks of currently available mitigation strategies for industrial
effluent irrigation are summarised in Fig. 4.

Conclusion

Industrial effluent irrigation provides measurable agronomic
benefits in okra, such as improved establishment rate, vegetative
growth and yield at sustainable irrigation rates (5 to 25 %), but
beyond this level, the benefits are significantly reduced and
replaced by osmotic stress, oxidative stress and vyield loss. Of
greater concern, the progressive accumulation of heavy metals
(Cadmium, chromim, lead and nickel) in soil followed by their
translocation to edible pods and reported concentrations in
several studies that exceeded permissible food safety limits, has
resulted in an increased human health risk index. Sustainability
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Fig. 4. Key drawbacks of biochar amendment, phytoremediation rotation, constructed wetland pre-treatment and precision dilution protocols
as mitigation strategies for industrial effluent irrigation, highlighting their technical, economic and operational limitations that may restrict

large-scale adoption in agricultural systems.

assessment can thus not be based on short-term yield data only
but must take into account soil quality, ecosystem function and
endpoints related to food safety, supported by multi-season field
trials over the long term, as well as by integrated mitigation
measures (such as biochar amendment, phytoremediation,
constructed wetlands, precision dilution) validated under different
agroecological conditions. The use of industrial effluent for
agricultural irrigation should therefore be seen not as an
alternative to fresh water but rather as a "technical resource" that
needs to be monitored closely and the science base needs to be
developed to create areuse plan.
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