Biomass Conversion and Biorefinery
https://doi.org/10.1007/513399-021-01998-6

REVIEW ARTICLE q

Check for
updates

Agro-industrial-residues as potting media: physicochemical
and biological characters and their influence on plant growth

Pratibha Agarwal' - Sampa Saha? - P. Hariprasad’

Received: 31 May 2021/ Revised: 9 September 2021 / Accepted: 24 September 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

Nursery cultivation is recognized globally as an intensive production system to support quality seedlings as well as to manage
resources efficiently. Apart from other factors, potting media (PM) play a crucial role in determining the success of nursery
cultivation. Worldwide, peat is the most commonly used substrate in PM because of its favorable physicochemical proper-
ties. However, due to ascending environmental and ecological concerns regarding the use of peat, a variety of new substrates
have been used/tested by researchers/practitioners/growers as PM. Bark, coir pith, wood fiber, compost derived from various
agro-residues, and vermicompost either alone or in combination are some of the commonly explored substrates and found
to have the potential to replace peat to a greater extent. In lieu of availability, abundance, low cost, and no/low processing
requirement, the use of agro-industrial residue (AIR) in the PM is the current trend. However, challenges associated with
their adoption cannot be ignored. The present review is focused on providing collective information, scientific knowledge
and detailed analysis of various AIR used in PM. The critical evidence-based review would help in developing a consistent
approach for the identification, selection and characterization of a new renewable substrate. In addition, it would help in
developing a rationale understanding of the practical and economic realities involved in the adoption of the same in PM.
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1 Introduction the advantages of the transplant system, researchers extended

their applications into a wide range of plants, including

Transplant production, especially for vegetable and floriculture,
has become popular in the last two decades to enhance resource
efficiency as well as to reduce the environmental impact [1].
Early and uniform crop maturity, efficient management of
land, energy, time and seed materials, production of pest-
free transplants, reduction in pesticide and herbicides usage,
and most importantly healthy and homogenous seedlings are
some of the advantages of transplant production [2—4]. The
profitable opportunities offered by this production system are
the reason for the enhanced demand for seedlings, especially
for the production of vegetables and flowers. Looking into
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sugarcane and forestry species (pine, beech, spruce, etc.)
[5-7]. Ornamental plants production is another emerging
horticulture sector in terms of volume, value, specialization,
as well as commercialization. Quality, homogeneity, and
standardized products is one prerequisite to achieve success
in producing ornamentals [8]. Potting media (PM), fertilizers,
permitted pesticides, seeds, labor, and the infrastructure itself
is the main inputs in greenhouse nurseries and ornamental
plant cultivation [1]. After labor, PM is the second prominent
contributor to total greenhouse production cost [9].

Two fundamental challenges before soilless cultiva-
tion are, (i) unlike a normal soil profile, a pot provides a
very shallow layer of a PM that saturates quickly during
irrigation; (ii) small pot volume provides limited capacity
for water storage between irrigation events [10]. Indeed, an
effective PM must have a physical structure that can sustain
a favorable balance between air and water content both dur-
ing and between irrigation events in order to prevent root
asphyxia and drought stress [11, 12]. The inability of the
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soil to provide this balance at such small volumes is a key
factor in the development of soilless PM. Indeed, these PMs
have been a pivotal innovation, allowing growers to ensure
rationale supply of water, air, and nutrient to the plant while
excluding soil-borne pathogens [13]. Peat is the most widely
used substrate in PM [13—-15]. However, due to ecological
and environmental concerns, the use of peat in PM is under
high scrutiny. This had given a thrust to examine a wide
range of alternative materials in PM. In spite of exploring a
diverse range of new materials, only a few of them have been
adopted widely. This review critically examines all the issues
and provides an overall and comprehensive knowledge of:

(1) all the widely used substrates in PM

(2) some new renewable substrates which were not inves-
tigated in detail

(3) selection and evaluation criteria of an unconventional
substrate in PM

2 Background

Historically, horticulturalists were using a mixture of com-
posted organic waste and mineral soil for growing plants.
Usually, the soil was not sterilized or pasteurized. Con-
sequently, the chances of soil-borne pathogens and insect
infestation were very high. Also, these mixtures were usu-
ally unbalanced in nutrition with varied physical properties
reducing the consistency of PM performance. In the United
Kingdom (UK), in 1930s, Lawrence and Newell standard-
ized growing media called “John Innes” (blend of loam,
sand, and peat in 7:3:2 ratio, respectively) for commercial
purposes [16]. Here, the loam was sterilized to eliminate
pathogens and pests. Additionally, necessary nutrients status
and desirable physical properties were taken into considera-
tion while developing the media to achieve optimum plant
growth. Since loam was the main “body” of this media,
its usage was limited by difficulties in transportation and
handling because of its heavy weight. During 1950s in the
United States (US), due to the widening of greenhouse crop
production and containerized nursery, researchers and prac-
titioners identified bark and peat as the most efficient soilless
components for PM production. Later, in the 1970s, peat
was explored successfully as an alternative to loam to make
transportation cost effective [17].

Considering the ease of handling and beneficial proper-
ties, with time peat became the major component of PM
and still dominates the sector. About 40 million cubic m® of
peat is used annually worldwide in horticultural production
[18], among which Germany (8.5 million m?) and UK (2. 5
million m?) are the major consumers of peat in horticulture
media [19].
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Peatlands are highly fragile ecosystems, which are natural
habitats of huge biodiversity. Peatlands contain 15-35% of
regional species, among which 5-25% are endemic [20].
Peatlands serve as a primary sink for CO,, estimated to store
75% of all atmospheric carbon. The destruction of these hab-
itats leads to a wide range of biodiversity loss and release of
active C into the atmosphere, thereby disturbing the global
carbon cycle [21]. Adding to this, every 4 to 5 tons peat
collection process from its natural habitats costs 1 ton of
CO, emission into the atmosphere making the process more
hazardous [22]. In addition, the existence of this ecosys-
tem is of crucial importance for maintaining the quality of
groundwater, flood and drought mitigation, and local climate
regulation [23]. A life-cycle assessment study has shown
that peat-based media have the highest detrimental impact
on climate change and resources [24].

Therefore, in recent years, intensive use of peat for horti-
culture has been discouraged due to ascending environmen-
tal concerns [25]. Since peat is identified by environmen-
talists as an unsustainable constituent in terms of habitat
destruction pillars of sustainability [26], many peatlands are
declared as special areas of conservation. The number of
licenses for peat extraction has decreased in order to pro-
tect peatlands. The pressure of environmental groups has
increased to reduce the use of peat in horticulture. In 2011,
the UK government set specific targets for ending the use of
peat in horticulture in England and Wales [27] and phasing
out peat in the horticulture market by 2020. In relation to
peat extraction, the International Union for Conservation
of Nature Commission on Ecosystem Management (IUCN-
CEM) has produced a Global Action Plan for Peatlands
(GAPP). The vision statement of the GAPP recognizes the
importance of peatlands and recommends wise use, conser-
vation, and management of natural resources for the benefit
of people and the natural environment [9]. In response to
this, scientists and practitioners all over the world are explor-
ing alternative substrates for replacing peat in PM [28-30].

3 Characteristics of potting media

Potting media play a pivotal role in the success of the nurs-
ery industry. It provides anchorage to the root system, sup-
plies enough water and nutrients for the plant, and guarantee
adequate aeration in the rhizospheric region of the seedlings
and also ensures maximum transplantation success (Fig. 1)
[31]. For the success of any PM, stability and consistency
are essential. Further, the absence of phytotoxic chemicals,
pests, and pathogens is crucial; otherwise, plant growth and
health are negatively affected. Availability of raw mate-
rial, cost, environmental impact, and ultimately, consumer
acceptance are some of the other vital factors which cannot
be ignored while choosing/developing a PM.
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Fig. 1 Characters of an ideal
potting media
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3.1 Physio-chemical properties of potting media

Since the volume of PM in the pot is relatively small, stand-
ardization of physical, chemical, and biological properties
is of utmost importance [31]. Some of the essential physical
and chemical properties are discussed below. However, the
requirement may change according to plant type, environ-
ment, and management practices. Prior knowledge of these
properties among growers helps in tailoring the PM accord-
ing to the requirements of different plants and to obtain
higher benefits from the transplants.

3.1.1 Particle size

It indicates the size and distribution of particles in the PM,
and it is related to water retention and air porosity (Fig. 2). In
general, the particle size and air porosity are directly propor-
tional. Whereas the particle size is inversely proportional to
the water-holding capacity (WHC) [32]. According to Ben-
ito et al. [33], the best substrate should contain medium to
coarse texture and particle size distribution ranging between
0.25 and 2.5 mm, which allows the retention of enough read-
ily available water along with an adequate air content. By

Fig.2 The interrelationship
between particle size, air poros-
ity, water-holding capacity, and
their effect on plant growth and
health
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mixing eight different particle sizes (<0.25, 0.25-0.5, 0.5-1,
1-2, 2-4, 4-8, and > 8 mm) of pruning waste compost, a
number of PM were prepared to observe the effect of particle
size on physical properties. On increasing the proportion of
0.25-0.5 mm particles in the PM, all the physical proper-
ties (air porosity, total porosity, easily available water) tend
to come in the recommended range for an ideal substrate,
while increasing the proportion of particles of larger size
(0.5-8 mm) leads to the deviation in the physical properties
from the recommended values.

A PM developed by using almond shell waste had shown
reduced WHC (188 mL/L) and high air porosity (36%, v)
than the acceptable range (600-1000 mL/L and 20-30%,
respectively). This effect was attributed to a high propor-
tion (85%) of coarse (> 1 mm) particles and a low propor-
tion (= 3%) of intermediate particles (0.25 to 0.5 mm) in
the PM [34]. Similarly, Samadi [35] reported that cucum-
ber (Cucumis sativus) plants grown in fine-grade perlite had
higher fruit weight (50%), plant height (25%), and leaf area
(70%) compared with very-coarse grade. The inferior perfor-
mance of course grades of perlite could be ascribed to their
low WHC rendering the plants susceptible to water stress.

3.1.2 Bulk density

Bulk density refers to the mass of the PM divided by the vol-
ume occupied by it. The bulk density of a PM is directly pro-
portional to WHC and inversely proportional to air porosity.
Bulk density is an important parameter while considering
transportation. Raw materials or final PM or transplants
with very high bulk density may not be desirable during
transportation. Because of its high bulk density (1.0 g/cm?),
soil-based PM called “John Innes” developed in the UK was
replaced by peat-based media to make transportation cost
effective [36]. However, too low density is not good while
considering the stability of PM in windy conditions, mainly
when lightweight plastic pots or polythene bags are used
as containers for growing nursery seedlings [13, 36]. Many
workers have suggested an optimum range for the bulk den-
sity of PM. According to Bunt [37], a bulk density of 0.4 to
0.5 g/cm? is optimum. While Abad et al. [29] and Noguera
et al. [32] had given a range of 0.2 to 0.4 g/cm? to be good
for PM.

3.1.3 Total porosity

It determines the total available free space acquired by water,
air, and roots in a PM. In general, large pores are respon-
sible for aeration, whereas small to fine pores hold water.
The degree of porosity is responsible for good gas exchange
capacity for the root system and providing enough avail-
able water to the plant. For an ideal PM, a total porosity of
70-90% is recommended [29, 32], while Beardsell et al. [38]

@ Springer

and Jaenicke et al. [39] suggested that a total porosity in the
range of 50-80% can be ideal for a good PM. The presence
of sufficient oxygen in the rhizosphere is crucial for plant
roots. It is accepted that with less than 12% oxygen in the
root system, plants would not be able to produce new roots
and between 5 and 10%, roots would not grow and below
3%, plants would die. To maintain oxygen above 12%, the
porosity of 50-80% by volume is ideal for PM [40].

3.1.4 Air porosity and water-holding capacity

The percentage volume of the PM occupied by air after grav-
itational drainage is known as air porosity %, while WHC
refers to the maximum volume of water retained by the sub-
strate after it is allowed to drain. A correct balance of water
and air in the PM is crucial for plant health and growth. It
is also important for regulating the frequency and volume
of irrigation. If the WHC of media is low while air poros-
ity is high, media will drain fast, imposing drought stress
to the plant, demanding frequent irrigation [41, 42]. While
in the case of low air porosity, aeration in media would be
hindered, and roots would face the hypoxia condition.

The particle size of the PM determines the air and
water pore space. Larger or coarser particles have a greater
percentage of macropores, also known as air pore space,
while smaller or finer particles have a greater percentage
of micropores, also known as water pore space. Graceson
et al. [43] reported that WHC increases with an increase in
the proportion of fine particles in PM, creating more water-
holding pore spaces. In addition to the substrate, WHC and
air porosity depend on the container height also. Owen and
Altland [44] reported that WHC decreases (14%) while air
porosity increases (9%) linearly with an increase in container
height from 3.8 to 15.2 cm. Changes in the moisture content
of the PM as a result of the combined effect of matrix and
gravitation results in a vertical gradient of moisture which
is higher at the bottom and lower at the top of the container.
This vertical gradient in the moisture content of the PM
results in an inverse relationship between air porosity and
WHC. For an ideal substrate, air porosity of 20-30% and
WHC in the range of 50-60% are recommended to be good
[29, 45].

3.1.5 pH

It refers to the concentration of hydrogen ions (protons; H+)
in an aqueous solution. The pH of the substrate is a crucial
parameter affecting the mobility and availability of nutrients.
Further, young seedlings are more vulnerable to pH extremes
in comparison to mature plants [46, 47 and others]. If the pH
is not within the desired range, nutrients can become either
unavailable or toxic. At high pH (> 7.5), the solubility of
phosphate, carbonates are reduced so plants cannot utilize
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them, while at low pH (< 5), the high solubility of aluminum
and manganese can cause phytotoxicity. Further, low pH lev-
els (<5.5) reduces the availability of nitrogen, phosphorus,
potassium, calcium, magnesium, sulfur, and molybdenum
[48, 49 and others]. Different plants vary in their pH require-
ment for example for tomato cultivation, a pH of 5.8-6.7 is
desirable and for cucumber, the recommended pH is 5.3-6.4
[31]. But for most of the plants, a pH of 5.2 to 6.5 is recom-
mended to be optimum [29, 32]. Biological functions (water
uptake by roots, transpiration, photosynthesis, CO, assimila-
tion, etc.) of the plants also get disturbed with temporal and
spatial variations in pH [46—49].

The pH of peat is low (3.5-4.1), so it can be adjusted by
adding dolomitic limestone (which contains both Ca and
Mg). However, the rate of liming depends on the decompo-
sition state of the peat. Highly decomposed peat requires a
high dosage of liming and vice versa [50, 51]. In the case of
coir pith (pH 4.8-6.9), instead of liming, gypsum is added
to provide Ca and to adjust pH [51].

Apart from the availability of nutrients, pH also affects
the growth of microorganisms in the PM. Generally, acidic
pH promotes fungal growth, while an alkaline pH particu-
larly > 7.5, bacteria become more prevalent [52, 53]. As the
pH decreased from 8.3 to 4.5, fugal activity increased five
times exponentially [53]. Below 4.5 pH level, all the micro-
bial activity was inhibited because of the toxic concentration
of soluble aluminum ions [53]. However, individual micro-
bial species may have different pH optima.

3.1.6 Electrical conductivity

It is an indicator of soluble salt (Na*, Mg?*, Ca**, CI,
S04%~, HCO?*~, K*, NO>~, etc.) concentrations in PM [54].
A high electric conductivity (EC) has an adverse impact on
germination, photosynthesis, plant vigor, and yield, thus the
productivity of many crops, as well as their nutritional and
economic value [58, 59 and others]. On the other hand, a
very low EC value indicates a lack of available salts. During
the anion exchange process, excess sodium ions can replace
calcium and magnesium, leading to altered medium struc-
ture and fertility. This results in the depletion of available
nutrients. A high concentration of salts in the PM negatively
affects transplant health. Salinity impairs plant growth and
development via water stress, cytotoxicity due to excessive
uptake of ions such as sodium (Na*) and chloride (Cl7),
and nutritional imbalance. Additionally, salinity is typically
accompanied by oxidative stress due to the generation of
reactive oxygen species (ROS). Different plants differ in
their salt sensitivity/tolerance range. Cucumber, a salt-sen-
sitive species, EC <2.7 dS/m should be maintained in the
PM, otherwise significant yield losses are inevitable. While
zucchini (moderately salt-sensitive) prefers to grow in PM
with EC of 2.6 to 2.8 dS/m. On the other hand, tomatoes

can tolerate a salt concentration up to 2.9 dS/m without any
yield losses [31]. However, an EC <2.5 dS/m is considered
optimal for the development of an ideal substrate [45], while
Noguera et al. [32] reported that EC <3.5 dS/m is suitable
for PM.

3.1.7 C/Nratio

The C/N ratio of PM is an indicator of its stability. The C/N
ratio determines their rate of decay and the rate at which N
is made available to plants. A C/N ratio of 20—40 is recom-
mended for an ideal substrate [18, 42]. High C/N ratio of
the substrate may result in N immobilization and activity of
microbes restricted, leading to N deficiency [52]. In contrast,
at a low C/N ratio, PM decomposes quickly and releases
nitrates readily, leading to carbon and energy starvation. A
low C/N ratio can be increased by adding woody (cellulosic)
materials and dead leaves, while the addition of green mate-
rials, animal wastes, and deoiled cakes can lower the high
C/N ratio [60-62 and others].

3.1.8 Cation exchange capacity

Cation exchange capacity (CEC) correlates to the buffer-
ing capacity of the PM [31]. The CEC of PM is a measure
of the ability to adsorb and exchange cations at a given pH
[55]. The mineral cations adsorbed on the surface of media
particles serve as nutrient reservoirs available to the plant
roots. For an ideal PM, a moderate CEC of 50 to 200 meq/L
is desirable [56]. Higher CEC than this range may result in
nutrient retention in the media, while less CEC can cause
nutrient leaching [57]. A PM with high CEC provides two
sets of benefits: first, it can hold more nutrient elements
and give them back to the plant later; second, it can better
resist any change in pH. But PM with high CEC requires a
more intense fertigation regime because many of the ferti-
lizer elements can bind to CEC sites. Later if fertility levels
decline in the PM, some of these fertilizer elements may be
exchanged and then become available for plant usage [18].

Cation exchange capacity and buffering capacity of an
organic component of PM depend on its age and its expo-
sure to microbial activities. Coir pith has low buffer capacity
because of low CEC (75-150 meq/L), while peat has high
buffering capacity because of its high CEC (150-250 meq/L)
[56, 58]. Since most of the time, coir pith is used in its fresh
form, it is low in microbial degradation and humification,
which explains its low buffering capacity. Similarly, com-
posted bark had higher CEC than fresh bark [56].

3.2 Biological properties

Apart from physical and chemical parameters, the biological
properties of the PM are also important in determining the
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growth and health of transplants [59]. The absence of nega-
tive aspects, such as phytopathogens (fungi and bacteria),
weed seeds, insects, and nematodes, are desirable for the
vigor of transplants [57]. The principal weed species con-
taminating peat are rushes (Juncus spp.) and sheep sorrel
(Rumex acetosella), growing on the margins of the bogs.
Under such situations, PM may act as primary inoculum
which spreads the pathogen or weeds to agricultural fields
along with transplants. So, these are either controlled on-site
either by manual inspection and removal or off-site; during
composting, high temperature kills the seeds, propagative
vegetative organs, insects, and pathogenic microbes [51].
Similarly, Ghosh et al. [60] reported the removal of patho-
genic microbes, Salmonella spp. and Escherichia coli, after
composting of coir pith. Heat pasteurization (moist heat
from steam, aerated steam, or boiling water; dry heat from
the flame, electric pasteurizers, or microwave ovens and
solar heat) is another popular method to disinfect the PM
[15].

In positive aspects, the presence of beneficial microorgan-
isms can interact with the plant by acting as biofertilizers,
biostimulants, and/or biopesticides, permitting the reduc-
tion of inputs in a sustainable production system [61]. Pseu-
domonas, Bacillus, Stenotrophomonas, Serratia, Arthro-
bacter, and Trichoderma are some of the well-known plant
growth-promoting microorganisms [62—-67]. Amendment of
beneficial microorganisms (7. virens, T. harzianum, and T.
asperullum) into coir pith-based PM was found to improve
not only growth (plant height, numbers of flowers/plant, and
leaf area) of okra (Abelmoschus esculentus) and Amaranthus
(Amaranthus viridis) but % diseases incidence was reduced
significantly in comparison to control (without Trichoderma)
[68]. Similarly, after co-inoculation of two plant growth-
promoting rhizobacteria, Pseudomonas fluorescens and
Azospirillum brasilense introduced in sterilized vermiculite-
based PM in marigold, a remarkable improvement in shoot
fresh weight, root dry weight, leaf number, and essential oil
yield were measured in treated plants in comparison to con-
trol under greenhouse condition after 90 days of inoculation
[69]. Similarly, these beneficial microbes are also used to
manage several soil-borne plant pathogens. Jangir et al. [70]
found 56% reduction in the disease in tomatoes after mixing
T. harzianum- and B. subtilis-based talc formulation at the
rate of 10 g/4 kg in the PM in the net house study.

Plant growth-promoting rhizobacteria (PGPR)-mediated
growth promotion occurs due to two mechanisms; direct
(facilitation of N, P, and essential mineral acquisition and
modulation of plant hormones) and indirect (biocontrol
mechanisms such as competition, niche exclusion, induced
systematic resistance and antifungal metabolites (HCN,
phenazine, tensin, HCN, phenazines, pyrrolnitrin, 2,4-dia-
cetylphloroglucinol, pyoluteorin, viscosinamide and tensin))
[71].
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N fixation Even after being present in a plentiful amount
(78%) in the environment, N remains unavailable to plants.
PGPR converts it to utilizable forms (ammonia) by using
a complex enzyme nitrogenase [72]. Nitrogenase is a met-
alloenzyme with two components; dinitrogenase reductase
(iron protein) and dinitrogenase. Dinitrogenase reductase
provides electrons with high reducing power, while dini-
trogenase uses these electrons to reduce N, to NH;. It is an
energy-consuming process as 16 ATPs are used to converts
one molecule of nitrogen to ammonia [73] (Eq. 1).

N, + 8H + 8¢™ + 16MgATP — 2NH, + H, + 16MgADP + 16Pi (1)

Phosphate solubilization Plants can uptake the phospho-
rus in two soluble forms; monobasic (H,PO,™) and dibasic
(HPO42_). Various microorganisms residing in the rhizos-
phere that help plants in providing soluble forms of phospho-
rus are known as phosphorus-solubilizing microorganisms
(PSMs). Azotobacter, Bacillus, Beijerinckia, Burkholderia,
Enterobacter, Erwinia, Flavobacterium, Microbacterium,
Pseudomonas, Rhizobium, and Serratia are some significant
phosphate solubilizers [71]. The main mechanism of solu-
bilization of inorganic phosphorus is secretion of various
organic acids in the surrounding environment. The organic
acid with carboxyl and hydroxyl ions chelate cations or
reduce the pH, resulting in the release of phosphate. While
in the case of organic phosphorus, phytases and acid phos-
phatases bring out mineralization.

Siderophore Iron is a vital nutrient for all forms of life.
In an aerobic environment, iron occurs mainly as Fe** and
is likely to form insoluble hydroxides and oxyhydroxides,
inaccessible to both plants and microorganisms [74]. Bac-
teria releases siderophores which are low molecular weight
iron chelators. About 500 kinds of siderophores are known
with diverse structures broadly classified as hydroxy car-
boxylate-, catecholate-, or hydroxamate-type siderophores
[75]. Siderophores make a complex with iron (siderophore-
iron complex). Plants can uptake the iron from this complex
through three mechanisms: direct uptake of the complex,
ligand exchange, and chelator degradation.

Phytohormones Most important direct mechanism of PGPR
is auxin/IAA production. About 80% of rhizospheric bacte-
ria synthesize auxins [76]. The endogenous auxin level of
plants is altered due to microbial auxins. Microbial auxins
interfere in various plant physiological functions (cell divi-
sion, extension, and differentiation; seed germination; the
rate of xylem and root development; vegetative growth; lat-
eral and adventitious root formation; responses to light and
gravity; photosynthesis, pigment formation, biosynthesis
of various metabolites, and resistance to various stresses)
mediated by endogenous auxins. Bacterial IAA increases
root surface area and length and thereby provides the plant
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greater access to soil nutrients. Also, rhizobacterial TAA
loosens plant cell walls and as a result, facilitates an increas-
ing amount of root exudation that provides additional nutri-
ents to support the growth of rhizosphere bacteria [77].

Considering the importance of these beneficial microor-
ganisms, formulations (dry products such as wettable pow-
ders, dust, and granules, and liquid products including cell
suspensions in water, oils, and emulsions) of several differ-
ent microorganisms (fungi and bacteria) are available in the
market, for example, T. harzianum, T. asperellum, T. viride,
and Bacillus spp.-based preparations are marketed for sup-
pression and/or control of Pythium damping off, Rhizoctonia
solani and vascular wilt diseases [78, 79]. In addition, the
rhizosphere-established beneficial microbes continue their
service even after transplanting into fields.

Plant-associated microbiome is also known as the “sec-
ond genome of the plant” as it plays a crucial role in overall
plant growth and development [80]. The role of PM com-
position on microbial communities’ structure and their
potential functionalities is an emerging area of research.
Grunert et al. [81] examined two PMs, organic (white
peat:coir fibers, 80:20%, v/v) and inorganic (rock wool), for
their community composition over time and compared the
distribution of individual taxa across PMs and their poten-
tial functionality. Based on the relative abundances of the
bacterial families and on the measures of alpha diversity
and evenness, the presence of distinctive and stable micro-
bial communities associated with each PM was observed.
Some bacterial families such as Chitinophagaceae, Xan-
thomonadaceae, Flavobacteriaceae, Hypomicrobiaceae,
Microbacteriaceae, Comamonadaceae, Enterobacteriaceae,
Methylophilaceae, Rhizobiaceae, Pseudomonadaceae, and
Sphingobacteriaceae were present in abundances in both
PM. Further, Chitinophagaceae, Methylophilaceae, and
Hypomicrobiaceae were abundant in organic PM. Organic
PM has shown higher microbial diversity in comparison to
inorganic PM. However, the organic PM had shown a similar
abundance of microorganisms at different time points, while
inorganic PM had shown variations in abundance with time.
In a similar study, Koohakan et al. [82] reported that organic
(coconut fiber) PM was mainly colonized by fungi, while
in the case of inorganic (rockwool) PM, bacteria are more
dominant. The reason may be that presence of organic nutri-
ents in organic PM shifted the microbial equilibrium through
reduced competition. Further population density analysis
with time revealed that bacterial population became stabi-
lized (10 Log cfu g™!) in both the PM after 5-6 weeks of
cultivation. But in the case of fungi, it was found to increase
till the end of the experimental period. All these studies
validate that there are fundamental differences between the
microbiome of different PMs; consequently, the structurally
diverse microbial community inhabiting the PM provides

functional diversity, ultimately affecting the quality of PM
and plant growth.

A significant interaction exists between microbial com-
munity and PM with respect to plant growth. Same bacte-
rial community performed differently in different PM with
respect to plant growth [83]. Total phenolic content (TPC) of
lettuce was not significantly different in plants grown either
in bark compost or green waste compost. However, inoculat-
ing both the PM with the same microbial community raised
the TPC of lettuce grown in composted bark PM while the
TPC levels observed in the green waste compost growing
media were unchanged [83]. In a similar study, Vandecas-
teele et al. [84] reported that biocontrol fungi showed better
colonisation in defibrated miscanthus, reed straw, and flax
shives in comparison to peat. Since peat does not provide
necessary nutrients for microbial growth and proliferation.
In peat also, white peat stimulates microbial activity in com-
parison to black peat because highly decomposed peat, i.e.,
black peat is a less favorable source of energy for microbes
[83]. Inorganic materials such as rock wool and perlite may
provide a physical surface for adherence to microbes, but
they would not support microbial growth and proliferation
because of the absence of an organic C source.

Different organic materials might influence the compo-
sition of mineralizing microorganisms. Addition of mis-
canthus straw to PM altered the rhizospheric fungal commu-
nity. As miscanthus straw is a better C source, so providing a
profitable opportunity for colonisation of decomposer fungi
such as Chaetomium and Humicola sp., [85]. Nerlich and
Dannehl [86] found that among wood chips, rock wool, peat,
and hemp fibers, hemp fibers have shown the highest degra-
dability (30% within 8 weeks of crop cycle). High microbial
biomass developed on hemp consumed the O, from substrate
solution and led to O, deficiency in the rhizosphere zone of
the plant. Further, nitrogen from the substrate solution was
used in the build-up of this high microbial biomass, reducing
the availability of nitrogen for plants resulting in retarded
plant growth in hemp substrate in comparison to other sub-
strates (peat, rock wool, and wood chips).

Apart from the chemical composition of PM substrate,
the physical characteristics of PM also affect microbial
activity. Water-filled pores of the PM influences the micro-
biome of PM. At low water content, the supply of solutes to
microbes is reduced, while at high water content, pores filled
with water reduces the O, availability and metabolic activity
of aerobic microorganisms. Generally, the optimal moisture
content is approximately 60% (v/v) for microbial activity;
however, individual microorganisms respond differently to
water stress [87]. Grunert et al. [81] found that Agrobacte-
rium sp. was detected in organic (peat:coir; 80:20%, v/v) and
rock wool substrate, but plants grown in organic PM were
lack of visually detectable hairy roots. These results indicate
that differences in pore size and water distribution between
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organic and rock wool may have impacted the mobility of
Agrobacterium sp., resulting in decreased hairy roots.

The stability of PM is another biological property, which
is crucial in PM success, which is governed by several
above discussed physicochemical and biological parameters.
Decomposition of PM either during the period of storage or
usage may bring undesirable changes in physical and chemi-
cal properties, which affect the plant growth performance
[96, 97 and others]. Alteration in particle size, a decrease in
air content, increase in water content, shrinkage, compac-
tion, change in the gaseous phase (due to CO, generation),
alteration in pH, CEC, and salinity are some of the changes
associated with the decomposition of the potting substrates
with time [57].

Noguera et al. [32] had suggested a shrinkage <30% vol-
ume be acceptable for the growing medium. The shrinkage
of the medium tends to increase bulk density, thus increas-
ing the water retention and correspondingly decreases both
total and air-filled porosities. Since shrinkage reduces aera-
tion in the growth medium and may even elevate the risk of
waterlogging and hypoxia for plants grown in those media
that possess high water retention and are persistently kept
near container capacity. However, shrinkage of PM can be
decreased by the addition of coarse inert material such as
perlite, rock wool, etc. [9, 88].

The major part of organic PM substrate is made up of
lignocellulose; however, depending upon the origin, the
composition may differ. Lignocellulose is a complex struc-
ture with three main constituents; cellulose, hemicellulose,
and lignin [89]. Cellulose is a linear polymer of glucose
with B-1,4-glycosidic bond, while hemicellulose is a poly-
saccharide made of monomeric sugars and sugar acids such
as xylose, arabinose, mannose, glucose, galactose, glucu-
ronic acid, galacturonic acid, and methyl glucuronic acid
linked together by p-1,4- and fp-1,3-glycosidic bonds [90,
91]. Lignin is a complex amorphous heteropolymer with
a three-dimensional structure composed of phenylpropane
derivates linked to each other by the irregular coupling of
C—C and C-O bonds [89, 92].

There are high chances that during usage or storage,
various microorganisms may degrade the PM and affect
the stability of the same. Cellulases hydrolyse the p-1,4-
glycosidic linkage bonds that connect glucose units in
the cellulose fiber. They are categorized into three major
classes: endoglucanases, exoglucanases, and p-glucosidase
[90]. Trichoderma reesei, Trichoderma harzianum, Asper-
gillus niger, Pesralotiopsis sp., Phanerochaete chrys-
osporium, Fomitopsis palustris, and Neocallimastix fronta-
lis are some main cellulose-degrading fungi [89]. Whereas
two types of enzymes: endo-1,4-pf-xylanase and exo-1,4-
B-xylosidase, are involved in hemicellulose degradation.
Trichoderma longibrachiatum, Aspergillus nidulans,
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Sclerotium rolfsii, Aspergillus niger, and Phanerochaete
chrysosporium are common hemicellulose degraders [91].
Lignin degradation is mediated through the action of
laccase, manganese-dependent peroxidases (MnP), lignin
peroxidases (LiP), and versatile peroxidases (VP). Tram-
etes pubescens, Coriolus hirsutus, Trametes hirsute, Tram-
etes versicolor, Pycnoporus cinnabarinus, Neurospora
crassa, Pleurotus ostreatus, Botrytis cinerea, Phanero-
chaete chrysosporium, Mucor racemosus, and Aspergillus
sclerotiorum are well-known lignin degraders [92].

At present, due to the globalization of horticulture and
floriculture-related activities, generally, PM is transported
to a longer distance and remains stored up to years before
use. During this time, microbial-mediated changes in
physical and physicochemical properties may occur, which
affect the plant growth negatively at the time of its use.
Changes in PM properties during storage were highlighted
first time by Bunt for Johnes Innes media in the 1950s
[93]. Mineralization of organic fertilizer during storage
of this media may lead to changes in pH, ammonical, and
nitrate-nitrogen concentrations with subsequent adverse
effects on plant growth. Peat, having unique pectin-like
substances (sphagnan), which is resistant to microbial
attack so depletion of nutrients rarely occurs in peat dur-
ing storage. Due to the presence of sphgnan (antimicrobial
compound) in the cell wall, peat moss was historically
used in wound dressing [94]. However, there are some
reports of self-heating of peat during storage, leading to
the production of phytotoxic compounds rendering the PM
unmarketable [95, 96]. However, other commonly used
substrates such as bark, wood fiber-based media are rich
in cellulose and hemicellulose, resulting in rapid micro-
bial colonization and quick depletion of nutrients, espe-
cially nitrogen, during storage. This nutrient draw-down
has a detrimental effect on plant growth [59, 93]. Some of
these problems can be overcome by blending the PM with
more stable components or by fertilizing the media with
additional nutrients at the time of application. However,
prediction and correction of biological problems of PM
are major challenges before the horticulture industry [97].

4 Components of potting media

There is not one unanimous PM used around the world.
Generally, growers try to use locally manufactured or
available cheap products and often, two or more sub-
strates are mixed to obtain a desirable media. However,
PM components may be broadly divided into two catego-
ries: organic and inorganic constituents.
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4.1 Organic constituents

Presently organic materials dominate the PM market [98].
Among them, peat moss, coir pith, and composts are com-
monly used organic substrates.

4.1.1 Peat

Peat is derived from peatlands, an ecosystem containing
accumulated partially decomposed organic matter under
anaerobic and waterlogged conditions [10]. Peatlands may
be classified into three types on the basis of botanical com-
position; wood peat (remains of trees and shrubs), sedge
peat (sedges, grasses, and herbs), and moss peat (bryophyte
mosses, €.g., sphagnum). Among all the peats, the most
widespread and common peatlands are moss peat, particu-
larly those derived from the incomplete decomposition of
the bryophyte Sphagnum [50]. Peatlands are found from
arctic to tropical regions occupying 3% of the earth’s land
area [20, 99]. More than 90% of all known peatland area is
found only in 6 countries, i.e., Russia, Canada, USA, Fin-
land, Sweden, and Indonesia [23, 100].

Peat is a very well-known substrate for its high nutri-
tion exchange capacity, WHC, high salt buffering capacity,
and good aeration quality. These qualities make it the most
widely used organic material in PM [14, 19, 51]. Low salin-
ity (0.39-0.49 mS/cm) [101] and low pH (3.5-4.1) [50] of
the peat can be adjusted by liming, while the low nutrient
status of peat, can be easily adjusted by the addition of crop-
specific fertilization [50]. However, operational difficulties
were observed, resulting in uneven mixing of plant nutrients
and lime, leading to heterogeneously mixed PM [101]. A
low number of pathogens, pests and weeds and finally easy
handling, processing, grading, and blending are some of the
positive aspects which encourage the gardeners for its hor-
ticultural use [16].

4.1.2 Bark

In the southeastern USA, New Zealand, Australia, and
some European countries, a large quantity of soft and
hardwood bark are obtained as a byproduct of the lumber,
paper, and pulp industry. Here, barks of pine (Pinus spp.),
spruce (Picea spp.), and Acacia (Acacia melonxylon) are
some of the commonly used components of PM [102].
The bark is a very lightweight material with low bulk den-
sity, high air porosity, and low WHC [50]. It enhances
drainage and improves aeration in the substrate. Similar
to other PM, the quality of transplant will depend on the
botanical origin, particle size distribution, and composting
of bark [9]. The presence of phenolic compounds, terpe-
nes, acetic acid, etc. in native bark has a protective effect
against microbial diseases; contrarily, they are also toxic

to plant growth. However, secondary process treatments
(hydrothermal treatment, aging, composting, etc.) can
be employed to eliminate toxic compounds [102, 103].
In the case of Eucalyptus globulus, the phytotoxicity of
bark-based PM to cress (Lepidium sativum) seeds can
be reduced by hydrothermal treatment [104]. Whereas
douglas fir bark (Pseudotsuga menziesii) requires aging
to remove phytotoxicity against geranium (Pelargonium
hortorum) [105].

In European countries, Australia and the USA, bark is
composted for inclusion as a component of PM. Apart
from the elimination of phytotoxic components, com-
posting help in killing phyto pathogens, pests, and weed
seeds. The risk of N immobilisation is higher in the bark,
especially with low lignin content (Picea) in comparison
to high lignin-containing bark (Pinus). Composting helps
in reducing the risk of nitrogen immobilisation due to
microbial colonisation. Apart from plant growth promo-
tion activity, composted bark is well known for its disease
suppressive effect [56, 106]. Usually, hardwood bark [107]
and eucalyptus bark [108] are composted and used in PM
intending to suppressing various plant pathogens.

4.1.3 Wood fiber

Wood fiber is a stable, consistent, and sterile secondary
product formed due to mechanical fibrillation or steam-
assisted thermal extrusion of de-barked softwoods and
virgin wood chips, such as spruce (Picea spp.), pine
(Pinus spp.), fir (Abies spp.), Poplar (Populus spp.), etc.
Among hardwoods, ash (Fraxinus), willow (Salix), and
beech (Fagus) are commonly used [19]. Maritime pine
and spruce are the main raw material used in PM in France
and Germany [50]. Wood fiber is characterized by high air
(47-48%) and high total porosity (>90%) and low WHC
and is generally used for improving the physical properties
of other PM components (reducing bulk density and WHC,
enhancing air porosity) [31, 50].

The research work of Prasad and Maher [109] and
Domefio et al. [110] evidenced that during the crop cycle,
wood fiber undergoes compression, thereby a reduction
in air porosity of PM. Hence, wood fiber cannot be used
as a standalone substrate for crop production [98, 111].
Nitrogen content in wood fiber is relatively very low, so
supplementary nitrogen is added either during the manu-
facturing process or by the grower. There is no issue of
phytotoxicity with the wood fiber, as observed in the case
of bark fiber. However, due to the growing demand for
wood products and the emergence of wood material as the
renewable fuel material in the background of the energy
crisis, the future of wood fiber usage in PM is uncertain.
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4.1.4 Coir pith

It is derived from the mesocarp tissue or husk of coconut
(Cocos nucifera L.), commonly known as “Lakshmi Phal.”
India is the largest producer of coconut in the world, fol-
lowed by Indonesia and the Philippines [112]. The husk is
composed of short and long fibers and coir dust. The long
fibers extracted from husk are used in various products such
as brushes, mattings, and insulating materials. The remain-
ing material consisting of short fibers and coir dust is known
as coir pith and is used in horticulture [51, 113, 114]. The
husk is soaked in water to facilitate the extraction of the fib-
ers. Often, brackish water is used, so it increases the sodium
and potassium levels in the coir pith. The high concentration
of Na* and K* may be phytotoxic during its application as
PM [50]. Several rounds of washing in fresh water and a
“buffering” treatment, in which calcium nitrate is used to
remove the high concentrations of sodium and potassium,
are required before it is used as a PM [51]. But this second-
ary treatment increases the cost of coir pith significantly.
In many studies, coir pith is reported as a potential sub-
strate for replacing peat in PM [115, 116]. Coir pith is light
in weight, has good aeration, good WHC reported to retain
up to 9 times of water of its weight [9, 117]. Additionally, in
comparison to peatmoss, rewetting capacity is good [118].
Since coir pith has more lignin (30-31%) and less cellu-
lose (26.8%) in comparison to peat, so it is comparatively
more stable than peat [119]. However, CEC of coir pith is
lower (39-60 cmol/kg) than peat moss (90-140 cmol/kg)
[120]. Coir pith has an optimum pH (5.5-6.8) for most of
the plants’ growth while peat is highly acidic, so, usage of
coir pith reduces the cost of cultivation by eliminating the
cost of liming as required in the case of peat [9, 121, 122].
So, in recent years, coir pith emerged as a major component
of PM [51, 117]. Exports of coir pith from India primarily
for horticulture use have increased tremendously [51, 123].

4.1.5 Compost

Compost is a stabilized organic material produced as a result
of a long, mesophilic as well as thermophilic aerobic and/
or anaerobic process that inhibits viable weed seeds and
pathogens [124]. Traditionally, compost was developed from
plant waste material only. However, nowadays, agriculture
waste, yard waste, food industry waste, municipal organic
waste, and even human and animal manures are subjected
to composting [125, 126]. Compost is rich in nutrients and
organic matter improves the physical and chemical proper-
ties of the PM and increases the availability of macro- and
micronutrients and growth regulators for transplant growth
[125]. Some waste materials used as a feedstock for com-
posting and subsequently used in PM are summarized in
Online resource 1. Apart from plant growth-promoting
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activity, compost may be used to adjust the pH of PM. Pardo
et al. [127] found that addition of olive mill waste compost
and lime separately to acidic soil (pH=6.97) resulted in an
almost similar pH increase (7.41 and 7.42 for compost and
lime, respectively).

There are variations in physicochemical properties of var-
ious composts, which make them either less or more suitable
for usage in PM. Manure (cattle dung, poultry litter, swine
waste, etc.) contain various human and animal pathogens
such as Escherichia coli, Listeria monocytogenes, and Sal-
monella spp. Although these pathogens are destroyed at high
temperatures during composting but still quality assurance
is required while using manure compost in PM [128]. High
salinity is another major hindrance in the use of manure,
spent mushroom, and vegetable, fruit, and garden waste
(VFG) composts [129, 130]. Municipal solid waste (MSW)
derived compost also contains high salt, high pH, and heavy
metal content [131]. The presence of microplastic and glass
fragments in the MSW compost is another issue that needs
attention before using it in PM. A recent study indicates
that plants grown in compost containing micro plastic result
in the accumulation of microplastic in plant tissues [132].
Green compost (derived mainly from gardens, parks, con-
sisting of chiefly woody materials), low in salt content, are
comparatively more suitable for inclusion in PM [130].

In general, the high pH and high salinity of the compost
render it incompatible with the plants [133, 134], so compost
is not used solely as PM. Therefore, the compost is always
blended with other materials most preferably with peat and
coir pith to enhance the suitability for crop production [19,
135]. In some cases, pretreatment of the feed stock prior to
composting may help in reducing the salinity. Wet sieving
of MSW prior to composting enhance the organic matter and
reduce the salt content. The enhanced amount of compost in
PM provide high disease suppressiveness against Pythium
ultimum (from 31 to 94%) [136]. Similarly, washing treat-
ment of animal-derived waste before composting was found
to be effective in reducing the salinity of manure compost
[129].

Another strategy to bring down the alkalinity of compost
is through acidification of the compost. Elemental S (SO)
is added to compost, the autotrophic bacteria (Thiobacillus
spp.), heterotrophic bacteria, and fungi oxidize the elemen-
tal S to H,SO,, thereby reducing the pH of compost. The
amount of elemental S is required to acidify the compost
depends on the buffering capacity of the compost. Com-
post with high buffering capacity (animal manure compost)
requires a higher amount of S in comparison to low buft-
ering capacity having compost (e.g., wood compost). The
impact of pH buffering capacity on compost acidification
is well illustrated by the comparison between dairy solids
and mint hay compost. Prior to acidification, both of these
composts had a pH value of 8.1. However, after acidification,
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pH dropped to 5.1 in mint hay compost and only to 7.0 in
dairy solids compost because the high buffering capacity of
dairy solids compost was about twice that of the mint hay
compost [137].

4.1.6 Vermicompost

Vermicompost is the earthworm processed fine organic
waste with high porosity, aeration, drainage, and water-hold-
ing capacity [148, 149]. It is well known organic fertilizer
for promoting plant growth as it contains nutrients in readily
available forms such as nitrates, exchangeable phosphorus,
potassium, calcium, and magnesium [150, 151]. In addition
to this, it also contains substances such as phytohormones
(auxins and cytokinins), involved in regulating plant growth
and health and humic acid, which play an important role
in enhancing nutrient uptake by the plants [149, 151-155].
Vermicompost is reported to be a suitable soil amendment/
conditioner because it improves porosity, drainage, aeration,
and WHC [148, 149]. Since vermicompost is rich in organic
matter, the CEC of the soil was found to be enhanced [148],
which enables more Nat—Ca** exchange; as a result, much
more Na* is leached into drainage water and soil salinity is
reduced [156]. Several earlier research evidenced the benefi-
cial properties of vermicompost on plant growth when used
as PM amendments and the positive effect was attributed
to either correlated with improved physical, chemical, and
biological properties of PM after vermicompost amendments
[157-159].

4.1.7 Biochar

Biochar is a solid charred material obtained from pyrolysis
at a temperature ranging from 400 to 700 °C of biomass
either in the absence or limited supply of oxygen. In recent
years, it gathered attention as a component of PM due
to some of its desirable properties; 100% biochar-based
PM is not practically feasible due to undesirable phys-
icochemical properties. Even at a 70% amendment rate,
biochar negatively affected plant growth due to osmotic
stress and inhibition of mycorrhizal activity [160]. So,
there is a need to find out the appropriate proportion of
the biochar to be amended in PM. The pH of the biochar
is alkaline, so it can neutralize the acidity of peat, thereby
reducing the requirement of lime [161]. The high CEC and
high nutrient-holding capacity of biochar reduce nutrient
leaching and enhance the buffering capacity of amended
PM. Headlee et al. [162] found that biochar-amended PM
(peat:biochar, 75:25%, v/v) had shown high CEC in com-
parison to only peat-based (100%, v) PM. The addition of
biochar to peat-based medium at the rate of 5% and 10%
provides sufficient P and K without any nutrient deficiency
symptoms in container-grown horticultural crops (pansy,

sunflower, tomato, zinnia, and geranium) [163]. Similar
results of enhanced nutrient availability and improved fer-
tility of PM upon addition of biochar has been observed
by several other authors.

Due to its low bulk density, it reduces the risk of PM
compaction. Because of the high water retention capacity,
the frequency of irrigation can be reduced. Mendez et al.
[164] found that the addition of biochar from deinking
sludge to peat (50/50%, v/v) resulted in increased air space,
water-holding capacity, and total porosity in comparison to
only peat-based (100%) PM. Similarly, Zhang et al. [165]
reported that incorporation of biochar in composted green
waste (CGW) reduced the bulk density, improved the water-
holding capacity, and porosity in comparison to CGW alone.
Due to high surface area and porous structure, biochar pro-
vides more sites of microbial colonization and prolifera-
tion [166]. Inoculation with arbuscular mycorrhizae in PM
amended with optimum concentration of biochar signifi-
cantly enhanced the Pelargonium growth [160]. Therefore,
recent studies have investigated the use of biochar as carrier
material for microbial inoculants, especially as seed coatings
[167, 168].

However, the physical and chemical properties of biochar
depend on raw material and pyrolysis condition (tempera-
ture, residence time, etc.) [169]. Song and Guo [170] had
suggested that for agricultural use, the temperature should
be between 300 and 500 °C, while for carbon sequestra-
tion and environmental purpose, a temperature higher than
500 °C was found to be optimum. However, biochar obtained
at 300 °C from pruning waste of different gardens had shown
phytotoxicity against lettuce because of the presence of a
significant amount of polyphenols in biochar. Whereas bio-
char obtained at 500 °C recorded low polyphenols content,
thereby relieving phytotoxicity [171]. Generally, biochar
affects plant growth either positively or it is neutral towards
plant growth when it is amended to PM in more than 25%
(v/v) [161, 172].

4.2 Inorganic components

Inorganic components are meant for providing a structural
system of pores for improving drainage and aeration in the
PM. These components are mostly chemically inert and high
in bulk density. They provide a sterile base along with stabil-
ity to the nursery containers [15, 81]. Inorganic constituents
are costly, non-renewable, and difficult to dispose of in com-
parison to organic counterparts. All these properties indicate
that these substrates are not sustainable options for PM [98].
Inorganic constituents can be classified into two categories:
processed (rock wool, vermiculite, perlite, zeolite, expanded
clay, etc.) and unmodified natural materials (sand, tuff, pum-
ice, etc.) [173].
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5 Untransformed agro-industrial residues:
moving forwards

To replace the usage of peat moss in the potting substrate,
researchers across the world explored various abundantly
available local agro-industrial residues (AIRs) for testing
their potential as a component for PM (Table 1). The idea
of the usage of AIR is based on the assumption that reuse
has less environmental impact than disposal. Because of low
secondary processing requirements, these materials require
fewer inputs and manipulation, and since most of them are
abundant and locally available, their transportation is also
cost effective and their negative impact on the environment
is comparatively least.

To optimize the physical, chemical, and biological prop-
erties of the AIRs, several pretreatments can be employed.
Steam explosion, retrusion, extrusion, hammer milling,
grinding, and disc refining are some of the common meth-
ods of defibration of AIRs [18, 84]. Defibration affects
not only the basic features (amount of cellulose, hemicel-
lulose, lignin, pH, Ec, water-extractable C), but it also
affects microbial activity, thus it is linked to the risk of N
immobilization. The effect of defibration on plant fiber is
not straightforward. It depends on the characteristics of
plant fiber and the method of defibration. Extrusion, retru-
sion, and disc refining significantly reduced the risk for N
immobilization for miscanthus straw. Acidification of mis-
canthus straw, flax shives, and reed straw with acetic acid
and citric acid reduced the pH of the fibers, resulting in
a reduction in the risk of N immobilization. Acidification
of fibers set the pH outside the optimal range of microbial
action, reducing the microbial activity; consequently, the
risk of N immobilization was also reduced [84].

Contrarily, when an organic material with high C/N
ratios (plant fibers/straw) are microbially colonized,
leading to competition between plant and microbes for
available N and other nutrients. N immobilization in pure
miscanthus straw was higher (70 £ 12%) than pure peat
(0+16%) [85]. Similarly, Vandcasttele et al. [84] reported
that reed straw, miscanthus straw, and flax shives have a
comparatively high risk of N immobilization compared
to peat. There are several strategies to overcome this N
immobilization, such as the addition of N fertilizers, treat-
ment with N-containing acid (HNO;) [174], shifting the
pH from the optimal range of microbes, etc. [84]. Also,
nitration of plant fibers (saw dust, flax shives, rye straw)
with nitric acid enhanced the availability of N [174].

Conventional organic PM, i.e., peat is not a good medium
to harbor beneficial microorganisms because of its high
amount of stabilized carbon, low available energy reserves
does not provide food and nutrients for the growth and devel-
opment of biocontrol agents [175]. While plant fibers with
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a high holocellulose/lignin ratio are more easily colonized
by biocontrol agents compared to peat [84]. The plant fibers
can be used as a carrier for colonization and proliferation of
biocontrol microorganisms such as Trichoderma, Chaeto-
mium, Gliocladium, and Metarhizium anisopliae. Debode
et al. [85] incorporated 20% Trichoderma-precolonized
extruded miscanthus straw in peat and observed a reduction
in postharvest disease incidence of strawberry due to induc-
tion of defence-related genes in the leaves.

5.1 Deoiled cakes: an untapped substrate
with huge potential

Oilseed cakes are the residue obtained after extraction of
oil from the plant source by cold press or solvent extrac-
tion method. The byproduct obtained by pressing is termed
oil cake and that by solvent extraction, oil meal [176]. Oil
cakes are of two types: edible and non-edible. Those cakes
resulting from edible oil-bearing seeds, which are being
used to meet a part of the nutritional requirements of either
animal-feed or of human consumption, are called edible oil
cakes (e.g., mustard (Brassica juncea), groundnut (Arachis
hypogaea), sesame (Sesamum indicum), etc.). Those who
cannot be used as feedstuff due to the presence of toxic com-
pounds and other impurities are differentiated as non-edible
cakes (e.g., neem (Azadirachta indica), jatropha (Jatropha
curcas), mahua (Madhuca indica), Karanja (Pongamia pin-
nata), etc.) [176, 177].

Many of the deoiled cakes are well known for their
nematicidal potential [178—180]. Neem cake amendments
(30 g/kg soil) to PM recorded reduced root-knot nematode
(Meloidogyne incognita) (egg masses/root system, number
of galls/plant, nematode population) infection in tomato
[181]. Similar observations were recorded by Radwan et al.
[179] when seasame cake was used at 50 g/kg soil. Apart
from being nematicidal in nature, various deoiled cakes have
been reported to have anti-fungal properties also [182].

It is crucial to highlight that deoiled seed cakes are rich in
NPK and other essential micronutrients such as Ca, Mg, Cu,
Mn, Zn, and Fe [181, 182]. Some of the researchers tested
deoiled cakes (cotton, mustard, neem, castor) for their plant
growth-promoting potential and reported a positive effect
on various plant growth parameters and enhanced nutrient
status [181-183]. Lesquerella press cake had the level of
nutrients that it can serve as an organic fertilizer for con-
tainer-grown plants. 10% (w/w) amendment of cake in PM
was equivalent to the chemically fertilized control in terms
of plant heights, total yield per plant and number of fruit per
plant in tomato [184]. Similarly, maximum growth of cas-
tor plants was recorded in sandy soil-based media amended
with castor meal (4.5%, v/v), and after this highest growth
point (4.5%, v/v), a pronounced reduction in growth was
observed [185]. It seems that rapidly mineralizing nitrogen
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Table 1 Various agro-industrial residue used in potting media

Materials used

Observation

Reference(s)

Peanut hulls (PH)

Almond shells (AS)

Rice hull (RH)

Switchgrass

Miscanthus straw (MS)

Wheat straw (WS)

Corn stover (CS)

Fig leaf powder

Azalea’s (Rhododendron indicum L.) growth (shoot and root dry weight) was recorded
better in PH (100%, v) based media in comparison to PH + Peat (50:50%, v/v) media,

Peanut hull (100%) based media has recorded increased particle size, total porosity, and

air space and decreased easily available water in comparison to PH and peat (50:50%)
based media, so necessary adjustment in irrigation regime was done

Two horticultural crops (tomato and melon) performed equivalently in almond shell
waste-based media and control (rockwool) in terms of various fruit parameters (fruit
number, firmness, dry weight content, soluble sugars, and yield). However, the air
porosity of the almond shell waste media (40%) was higher than the ideal substrate
(30%) while WHC (194 mL/L) was lower. Still, deficient physical properties had not
affected plant growth negatively provided necessary adjustments in irrigation manage-
ment were adopted

Cyclamen (Cyclamen persicum L.) performed either equally or better in peat and RH
based growth medium (90:10%, v/v) than the control (peat:perlite (90:10%, v/v))
with respect to growth parameters (plant height, dry corm weight, dry root weight,
dry flower weight). However, on increasing the volume of rice hull in the peat media
from 10 to 50%, a progressive reduction in all the growth parameters was recorded and
resulted in smaller plants thus decreasing the market value of the product

Poinsettia (Euphorbia pulcherrima L.) and geranium (Pelargonium X hortorum) have
shown similar growth in 10% RH and 10% perlite-based media (rest being peat in both

the media). On increasing the RH volume in the media to 30% and 50%, both the plants

have shown poor growth performance because of increased pH, total pore space, air
porosity, reduced electrical conductivity and WHC

Fresh rice hulls substituted perlite successfully and used with peat in a 3:1 ratio for Pinus

(P. halepenis) seedling cultivation

A PM having switchgrass (80%) with peat (20%) was developed for growing annual
vinca (Catharanthus roseus). Pine bark (100%) was used as control. Switchgrass has
high air porosity and reduced WHC, and alkali in nature. However, the addition of peat
moss enhanced WHC, reduced the air porosity and reduce the pH of the media making
it more ideal for annual vinca growth

Peat (15%) and municipal solid waste compost (MSWC) (5%) were used as the base
material. Remaining 80% was consisting of pine bark and MS in five different ratios
0:80, 20:60, 40:40, 60:20, and 80:0. From 20 to 60% MS addition, pH was moderate
and Red hibiscus (Hibiscus moscheutos) plants were of higher quality and recorded
comparable foliar color, and a similar size to those grown in the industry-standard PM
(pine bark:peat: MSWC, 80:15:5%, v)

Peat and perlite (85:15%, v/v) were used as control. This base material was amended
with 40% WS. The addition of WS had increased the air porosity (27%), reduced the
container capacity (58%) and bulk density (0.08 g/cm®) of the PM in comparison to
control (peat:perlite; 85:15%, v/v) (13%, 70%, and 0.10 g/cm3, respectively). Despite
having differences, all the studied parameters were within the recommended range.
Although there were differences in nutrient content among daylily (Hemerocallis
fulva ‘Stella D’Oro’). But plants displayed none of the classic deficiency symptoms of
interveinal or marginal chlorosis

Tomato (Solanum lycopersicum L.) and marigold (Tagetes patula L.) plants grown in
a CS-amended media (peat:CS:perlite, 3:1:4, v/v/v) were inferior to those grown in
control (peat:perlite, 4:4, v/v) in terms of greenness, tallness, flower and fruit number.
The addition of CS to PM negatively affected the physical and chemical characteristics
(reduced available water, N and P content and increased pH) of the media

Red soil, Coir powder, leaf (Ficus elastic) powder and sand, either alone or in different
combinations, were tested for their effect on different growth parameters of Dalbergia
(Dalbergia odorifera T. Chen). Among all the eighteen combinations, coir powder
and red soil (2/2, v/v) and red soil and sand (2/2, v/v) based media exerted the best
effects on plant growth and biomass accumulation. Leaf powder and red soil (2/2, v/v)
enhanced root system development remarkably. However, the reason behind these
observations was not discussed by the authors

Bilderback et al. [138]

Urrestarazu et al. [34]

Bonaguro et al. [139]

Zanin et al. [140]

Tsakaldimi and Ganatsas [6]

Atland [141]

Altland and Locke [142]

Locke and Altland [143]

Ruis et al. [144]

Yue et al. [145]
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Table 1 (continued)

Materials used

Observation

Reference(s)

Reed canary (RC)

Paper waste (PW)

Poultry feather feathers

River waste (RW)

Vegetative growth of the strawberry (Fragaria X ananassa cv. Elsanta) was vigorous
in peat (100%) media but total yield, berry size and sugar to the acid ratio in berries
were not significantly different between RC amended media (peat:RC 50:50%, v/v) and
control (peat, 100%). Since the WHC of RC amended media was lower than control, a
change in the irrigation regime is required

The addition of PW to peat increased the substrate pH, and decreased air-filled poros-
ity. Considering all the growth parameters (plant height and diameter, leaf and flower
fresh weight, leaf and flower diameter, total biomass), a partial replacement of peat
with PW (up to 30%) was suggested for marigold (Calendula Officinalis L) and petunia
(Petunia X hybrita L) but not for mathiola (Matthiola incana L.). Possible causes of
decreased growth of mathiola on PW amendment can be attributed to the different
responses of the species to decreased WHC and air-filled porosity on PW amendment

On addition of poultry feather fibers (30%, v/v) to peat moss and perlite-based medium
(80:20%, v/v) by replacing peat, reduction in the WHC (69.4 vs. 52.3%) and increase
in air-filled porosity (10.9 vs. 30.6%) was recorded. Since on addition of feather fibers,
the percentage of large pores filled with air increased and the percentage of small pores
responsible for WHC decreased

In comparison to control (peatmoss:vermiculite:perlite, 70:20:10%, v/v), river waste
(RW) based medium (RW:vermiculite:perlite, 80:10:10%, v/v) had recorded higher dry
weight for petunia (Petunia X hybrida) and impatiens (Impatiens wallerana), and in the
case of violet (Viola wittrokiona) dry weight was not significantly different from that of

Kuisma et al. [18]

Chrysargyris et al. [22]

Evans and Vancey [146]

Benedetto et al. [147]

control
Hemp fibers

Highly degradable hemp fibers (30% within 8 weeks of cultivation) lead to enhanced

Nerlich and Dannehl [86]

microbial colonisation, O, deficiency and nitrogen draw down resulted in poor plant

growth
Flax shives

This risk of N immobilisation was higher in flax shives in comparison to peat, so the

Vandecasteele et al. [84]

availability of N to plants was reduced. Flax shives are colonized by plant pathogens
such as Verticillium dahliae. During defibration at high temperatures, microsclerotia of
the pathogen are killed. Defibrated falx shives are easily colonized by fungal biocontrol

agents in comparison to peat

from the deoiled cakes is the reason for both the intensive
plant growth in low doses and the reduction of plant growth
in high doses.

While Gupta et al. [186] amended the soil with castor-
deoiled cake and found that growth of the wheat plant was
negatively affected if the castor cake was applied on the sow-
ing day, however, the application of cake 20 days before
wheat sowing resulted in improved growth in comparison to
control. Authors attributed this effect to an unknown toxin
present in the raw deoiled cake, which was degraded during
the decomposition.

The raw deoiled cake had specific metabolites, high salts
or ionic species (e.g., ammonia), which may be phytotoxic
to plants [179, 187]. Some of the oil cakes, such as mustard
cake, result in the generation of excess ammonium ion for-
mation in the PM [188]. Ammonium ion represents either
a preferential N source, or it may trigger toxicity symptoms
in plants depending on its concentration. In response to the
high concentration of ammonium ion, most of the plants
develop a typical root toxicity symptom, “short root” [189].
A similar observation was reported by Pratibha et al. [190]
for tomato and cucumber after the amendment of PM with
raw mustard cake (Fig. 3). In the case of jatropha cake,

@ Springer

phorbol esters are mainly responsible for phytotoxicity.
Phorbol ester toxicity is known to cause various physiologi-
cal and morphological changes in the plant. Phorbol esters
are responsible for the activation of many isoforms of protein
kinase-C (PKC), which is a cell protein that regulates many
cellular processes in the cell cycle and leads to a reduc-
tion in mitotic index [191, 192], resulting in decreased root
growth [193]. However, during the decomposition of deoiled
cake, due to microbial mediated detoxification, the phyto-
toxic property of the raw cake is relieved [187]. Ahluwalia
[187] found that even at the lowest concentration (1%) of raw
jatropha cake affected seed germination of Vigna radiata
negatively. However, the detoxified jatropha cake failed to
exert any negative effect even at 5% amendment. A similar
observation was recorded by Wang et al. [194] observed
in the case of tobacco plants grown in jatropha/detoxified
jatropha cake as PM amendment. Though several deoiled
cakes are phytotoxic, their low concentrations amendments
depending on the sensitivity of plants may be beneficial as
it does not require any secondary treatment.

Further, depending on the agroclimatic conditions,
the availability of different deoiled cakes varies globally.
So a proper and exhaustive assessment of the worldwide
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Fig.3 Effect of mustard cake
amendments on the root growth
of cucumber (Cucumis sativus
L.) seedlings

distribution of different deoiled cakes is of prime impor-
tance. Further, wherever deoiled cakes are produced abun-
dantly, e.g., developing countries, efforts are needed by gov-
ernment organizations, research communities to mobilize
them in forms that can be used by the farmers more easily.

5.2 Paddy straw: problem or opportunity

Global paddy straw (PS) production is estimated to be
around 731 million tonnes; out of this, 667 million tonnes
are generated in Asia only [195]. In India, the paddy crop
produces 160 million tonnes of straw with 106.5 million
tonnes of grain per annum [196]. Management of the PS
is a major problem in comparison to other residues such as
wheat straw because of time constraints between rice har-
vest and wheat sowing. Since PS is rich in silica, it is not
preferred as animal feed. Further, in the era of mechanized
agriculture, dependency on animals is reduced, so the num-
ber of animals used in agriculture is also reduced. Among all
residue management options (burning, bailing, in situ incor-
poration in the soil, removal), burning is considered the most
feasible method by farmers. Consequently, the burning of
one ton of PS produces about 1460 kg CO,, 3 kg particulate
matter, 60 kg CO, 199 kg ash, and 2 kg SO, [197]. Poly-
cyclic aromatic hydrocarbons (PAHs), dioxins, furans are
some carcinogenic compounds that are also released during
the burning of PS [198]. Paddy straw contains about 0.78,
0.24, 1.15%, and 14% of the nitrogen (N), phosphorus (P),
potassium (K), and silica (Si), respectively [199, 200]. By
considering the nutrient dynamics, PS burning depletes the
soil vital nutrients (particularly N) and reduces soil organic
matter [201].

The elemental form of silica, i.e., silicon (Si), is not con-
sidered an essential element for plant growth, but this ele-
ment is beneficial for plant growth, particularly under biotic
(plant pathogens, insects, mites, etc.) and abiotic (drought,
salinity, high or low temperature, UV irradiation, metal tox-
icity, etc.) stress conditions [202-204].

Composting, mushroom cultivation, biochar, building
material (bricks, fiberboard, etc.), hi-end material (silica,
biofiber), biogas, and bioethanol production are some off-
field options for straw management [205]. Many of the work-
ers had used PS compost in PM [206, 207] for the cultiva-
tion of various horticultural crops. However, raw PS is not
widely explored because of some common problems asso-
ciated with the AIR such as phytotoxicity, nitrogen immo-
bilization, high salt content, or structural incompatibility.
Recently, some preliminary investigations have been done
to explore the possibility of using raw PS as a component of
PM for some crops.

In the field, PS is commonly used as a mulching agent.
Also, tomatoes cultivated by utilizing PS bales recorded bet-
ter yield (number of fruits/plant and weight/fruit) compared
to those grown in clay soil (control). Further, the observation
was attributed to improved aeration to the roots of tomato
plants [208]. Similarly, PS (size <2 mm) combined with
vermicompost 15% (v/v) increased vegetative growth and
total yield of lettuce (Lactuca sativa) and eggplant (Sola-
num melongena L.) significantly [209]. Along with improved
plant growth and yield of pepper, PS bales also protected the
plants from fungal root rot and wilt and root-knot nematodes
significantly over control [210].

Since PS is chiefly a lignocellulosic material that is not
rich in N. In order to compensate for the nitrogen shortage
of PS as the PM, Sadek et al. [211] used two free-living
nitrogen-fixing bacteria Azotobacter chroococcum and Pae-
nibacillus polymyxa for the cultivation of eggplant. Authors
reported a significant increase in fresh and dry weight, num-
ber of fruits and fruit weight in eggplant after co-inocula-
tion of both the bacteria in comparison to control. Recently,
Pratibha et al. [190] compensated the low N content of the
PS-based PM by adding N-rich organic matter (different
deoiled cakes) for the cultivation of tomato and cucumber
under greenhouse conditions. Here, the positive effect of
PS addition (10%, v) in PM on plant growth was attributed
to improved physical properties (air porosity, WHC, total
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porosity) of the PM. Since PS addition improved the aeration
of PM, the possibility of using it as a replacement of perlite
(an inorganic component generally used to enhance aeration
in PM) should be explored in the future.

6 Selection and evaluation criteria
of an unconventional substrate in potting
media

6.1 Regional availability and abundant supply

In most cases, individual nursery or greenhouse operators
do not have the resources to produce and process their own
AIR; therefore, a regional biomass assessment needs to be
performed. This entails interviewing local horticultural pro-
ducers and identifying acceptable soilless substrate compo-
nents within the region. It is equally important to ensure a
secure supply of the AIR. For many of the novel AIR inves-
tigated to date, scanty information has been published on the
potential volumes that might be available relative to market
demand and the long-term security of supply. The results of
this basic investigation into these factors would be extremely
useful both to PM manufacturers and the wider research
community. While agro-industries have historically gener-
ated large volumes of organic wastes/residue. Though these
AlIRs were explored for various applications, as PM they are
least explored. Hence, their broader applications may deplete
the availability of these materials for horticultural use. It is
therefore crucial that going forwards, economics related to
material supply and volume should be carefully analyzed
both by the researchers and users.

6.2 Environmental impact and assessment

Since the idea of using waste in PM is based on the assump-
tion that reuse has less environmental impact than disposal.
A detailed life-cycle assessment (LCA) analysis is required
to support this claim. The entire life cycle of a substrate
should be assessed in terms of climate change, ecosystem
quality, and human health. For example, coir pith is consid-
ered a sustainable option for replacing peat in Europe. In
terms of its impact on climate change, this is probably the
case; but in terms of ecosystem quality and human health, it
performs less favorably than peat [24]. The adverse impact
on human health was attributed to the emission of NOx and
particulate matter during the transport of decompressed coir
pith to the mixing plant. Recently, some detailed LCA analy-
sis of the already existing substrates (sewage sludge-based
compost, rice hulls, etc.) had been performed [139, 212,
213], but more emphasis or thrust should be given to such
kind of analysis before adopting any substrate at the com-
mercial level.
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6.3 Phytotoxicity

Screening of any new/unconventional substrate starts with
testing the material for its effect on plant growth. If the sub-
strate is phytotoxic/reduces the plant vigor unacceptably,
it cannot be selected as a substrate in PM [30, 102]. The
phytotoxicity of AIR may be because of high sodium and
potassium content [51], phenols, terpenes, tannins [51, 102],
fatty acids [178], and generation of ammonia [179]. Wash-
ing, aging, composting, mixing, and fertilization are some of
the methods used to reduce or eliminate phytotoxicity. The
time and cost involved in each treatment should be taken into
consideration before opting for any of the substrates.

6.4 Consistent performance

These natural substrates are heterogeneous in physical,
chemical, and biological properties depending upon their
origin, processing, and storage conditions. In the case of
transformed waste such as compost, vermicompost, the situ-
ation becomes more complicated because a slight change
in secondary processing may create large differences in the
properties of the material despite having one origin/source
[214]. It is crucial to pursue a quantitative assessment of the
physical, chemical, and biological properties which influ-
ence the material’s performance and a detailed description
of the secondary processing, treatments, or additives is also
required. This will allow groups of materials to be better
defined, benefits to be more clearly aligned with costs, and
more consideration would be afforded to the practical reali-
ties of using the material. During the nursery cultivation
process also, it is desirable that the substrate should perform
consistently. Any change in physical and chemical properties
(shrinkage, compaction, pH, EC, etc.) during this stage may
hamper the plant performance.

7 Reuse/recycling of spent PM

Reuse or recycling of spent PM is another step towards a
sustainable/circular horticulture system. Spent PM can be
reused as PM with or without modifications. High degra-
dability/low stability, presence of harmful microorganisms
(animal and plant pathogens), weed seeds, high residual
nutrient, and salt content are some of the major challenges
in the reuse of spent PM [215, 216]. On reuse, a highly
degradable substrate in PM may result in O, deficiency [86],
altered physicochemical properties and nutrient depletion,
and thus compromise plant growth, which must be studied
in detail. Pythium, Phytophthora spp., Salmonella spp., and
E. coli are some of the common plants and animal patho-
gens that remained associated with used PM. Therefore, the
cultivation of crops in spent PM may increase the risk of



Biomass Conversion and Biorefinery

root-borne diseases. Sanitation treatment kills both harmful
and beneficial microorganisms, affecting the whole micro-
biome of the PM. Spent PM is tested for several crops either
with treatment (steam sterilization) [217] or without any
treatment [218]. The results are inconsistent; sometimes,
growth was positively affected, while in some cases, clearly
no effect on plant growth was reported. Further, the result
of sanitation treatment is substrate-specific. Peat could not
be reused after steam treatment due to the breakdown of
its structure. However, steam-treated coir pith performed
equally to fresh PM with respect to strawberry vigour and
growth [217].

However, their use as a bulking agent for composting
[219], as soil improver [220], and as feedstock for energy
are widely practised. Biochar production from the spent PM
is another way of recycling. Amery et al. [169] tested bio-
chars derived from spent PM and lignocellulosic biomass.
Biochars produced from spent PM were characterized by
higher EC, extractable and total nutrient concentrations
compared with biochars derived from lignocellulosic bio-
mass, but spent PM-derived biochars have not affected plant
growth negatively.

8 Conclusion and future scope

Historically, performance and economics were the two main
drivers in PM development, but nowadays, environmental
impact is one of the key factors. In the case of horticulture
PM, reliance on just one non-renewable material (peat) is
not a sustainable model for the long term. It is necessary
to explore a broader range of renewable materials in lieu of
the dynamic nature of the demand/supply chain for organic
material resources against a background of the rapid growth
of the transplant industry. While selecting any new substrate,
availability, location, and the environmental impact of the
substrates should be thoroughly analyzed and assessed.

Researchers and manufacturers need to continue explor-
ing the use of renewable primary materials in conjunction
with valuable waste streams. In this context, waste of various
agro-industries such apple pomace, orange peels, paper pulp
industry, vegetable industry, etc., may be potential options,
which were never explored before as PM. The use of various
AIR would also help in the channelization and management
of waste so these industries turn towards green. However, the
development of standard protocols to bring uniformity in the
production process and quality improvement in PM is to be
taken care. The PM of the future will most likely rely upon
blends of several ingredients, taking advantage of their ben-
eficial properties while minimizing their limitations. Finally,
consumer acceptance of texture and color can be achieved
by branding and awareness programs.
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