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Abstract

Kochia (Kochia scoparia) have recently been considered as forage and
fodder crop in marginal lands. Under severe drought and salinity kochia
(35 dS m™!) could produce up to 16 and 8 t DM ha'! biomass in spring and
summer cropping, respectively. Kochia produce 90 % biomass at 75 % water
application in comparison to 100 % water application. Therefore, deficit irri-
gation is a useful management technique for Kochia even under saline condi-
tions. Seeds of Kochia can germinate in a wide range of temperature,
different levels of water potential, salinity, pH and depth of flooding and
showed a high recovery from stress condition. Quick germination and growth
of Kochia and its desirable drought, salinity and extreme temperature toler-
ance indicate that it can be considered as a valuable forage plant in case of
shortage of conventional forage occurs, particularly in arid and semiarid
regions. Cultivation of Kochia using saline waters for rehabilitation of saline
areas, that have been left barren, can be regarded as an approach in sustain-
able and low-input agriculture. Biomass and seeds of Kochia can help in food
production for people settled in these regions and their animals. Kochia in
addition to be a forage crop can also be used bioremediation, oilseed and
biofuel crop.

1 Introduction

Drought and salinity are the most important
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and decreasing growth and productivity of plants
in many parts of the world. Therefore, extensive
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tolerance of conventional crops as well as other
capable plants [1]. Majority of the world’s popu-
lation relying on crops such as wheat, maize and
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these crops salt tolerance are globally important.
The result of many experiments shows that salt
tolerance of above mentioned crops is limited to
less than 10 dS m™' [1].

There are as many as 6,000 species of terres-
trial and tidal halophytes in the world [2]. In Iran,
presently, a total of 365 species belonging to 151
genera and 44 families are known to grow in salty
habitats, but they might be more than 400 species
[3]. This group of plants tolerate salt concentra-
tions that kill 99 % of glycophyte species [4].

Water is one of the essential resources in arid
and semi-arid regions, where one-sixth of the
world population lives [5]. In areas with water
shortage, an attractive option is using seawater or
brackish water for crop production, and this has
worked well in inland and coastal sandy soils of
some desert environments. Saline water aquifers
and underground water sources exist in many arid
lands of the world but these have been greatly
underutilized. This brackish water could be a
major resource in saline agriculture to produce
food, feed, and fiber and oil seeds on non-
productive, saline arid lands. In further support of
saline agriculture, there would be no shortage of
water since seawater in the oceans makes up 97 %
of water on earth. Desert land is also plentiful,
with around 43 % of the earth’s total land surface
being arid or semi-arid. A small part of this (about
15 %) is close to the sea and this would be con-
venient for growing crops using saline agricul-
ture. There are hundreds of halophytes with
characteristics to be used as cash crops. Saline
agriculture, however, must fulfill two conditions
to be cost-effective. First, it must produce useful
crops at yields high enough to justify the expense
of pumping salty water. Second, researchers must
develop successful agronomic techniques for
growing saline, water-irrigated crops in a sustain-
able way. These methods must also not contribute
to further damage of natural environments. If
applied successfully, this approach would lead to
the domestication of wild, salt tolerant plants for
use as food, forage, and oilseed crops. It was
estimated that about 2,500-3,000 plant types
occur naturally in saline habitats [6].

The most agriculturally useful halophytes are
those that combine the attributes of efficient
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water use with high quality biomass production.
Some halophytes used for millennia as forage
species in arid and semi-arid areas. These species
can support animal production provided they are
grown in combination with less saline herbage
such as legume species [7].

In the background of the progressive shortage
of fresh water resources and soil salinization, a
major aim is to evaluate the potential of local
(xero-) halophytic species to be widely and eco-
nomically used in arid and semi-arid regions.
Major research topics are to identify and select
plant species tolerant to drought and salt stress,
to study their potential in the field of human or
animal nutrition and to evaluate the possible use
of non-conventional waters, such as seawater,
brackish water and pre-treated wastewater. One
possible concept of sustainable agriculture is
based on “cash crop halophytes” irrigated with
saline waters up to seawater salinity [8]. Scientists
have conducted research on Kochia (Kochia
scoparia) as a salt, drought and high temperature
cash crop, that we will summarize them in the
following sections.

2 Botany

Kochia (Kochia scoparia) is native to central and
Eastern Europe and western Asia. It is well-
adapted to arid conditions because of its deep
root system. Penetration depths up to 5 m; lateral
roots can extend to a horizontal distance of 7 m.
The extensive taproot system and ball-like shoot
mass that acts as tumbleweed are key morpho-
logical features that aid Kochia colonization or
survival [9].

It is an annual herb, bushy to pyramid shaped,
0.15 to over 2 m tall; taproot up to 5 m long.
Stems erect, green or red-tinged, much-branched,
round, slender, soft-hairy or smooth; shoot breaks
off at ground level forming a ball-like mass that
acts as tumbleweed when mature and dry. Leaves
are simple, alternate, sessile, narrow-linear to
lanceolate, 1.5-6.0 cm long, tapering to a point at
the tip, margins entire and fringed with hairs,
pale green, upper surface usually smooth, lower
surface usually covered with soft hairs; leaf
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blades with three or five prominent veins, leaves
of the main stem larger than those of the
branches, becoming progressively smaller along
the branches toward the tips, often turning
purplish-red in autumn. Flowers are inconspicu-
ous, small, apetalous five-lobed calyx, sessile,
green; solitary or clustered in groups of two to six
in axils of upper leaves and dense bracted spikes.
Sepals are spineless, with a short, wedge-shaped,
scarious wing in fruit, sometimes surrounded by
a cluster of long hairs; bracts linear lanceolate,
attenuate, acute or acuminate, greenish. Flowers
either perfect (three to five stamens) or pistillate
(lacking stamens); ovary undivided, ovoid, single-
seeded with the pericarp free from the seed.

Seeds nearly oval, ca. 1.5-2.0 mm long, flat-
tened, grooved on each side, surface dull, brown
with yellow markings to dark reddish-brown to
black, covered by a thin papery envelope, and
often enclosed by a fragile star-shaped hull
(the attached flower parts) (Fig. 1). Kochia is dip-
loid with a somatic chromosome number of
2n=18 [9].

3 Reproduction

Kochia is self-compatible and produces protogy-
nous flowers where the stigmas emerge before
anther development [13, 14]. The stigmas usually
emerge 1 week before pollen is shed, are receptive
to foreign pollen during that time, and deteriorate
before anther dehiscence which prevents self-
pollination in the same flower [14]. Pollen grains
are spherical, and granular with 100-130 pores
uniformly distributed over the grain surface [14].

It is estimated that 0.1 % of shed pollen would
be distributed more than 150 m from the source
[15]. Wind is an important pollination vector, but
bees (Colletidae and Halictidae) also contribute
to cross pollination in Kochia [16]. Kochia bio-
types or ecotypes can show large variability in
days to flowering, which may affect synchrony of
pollination. In a field study in North Dakota. The
reported time from emergence to flowering
among 13 Kochia accessions collected from
across the western USA varied from 57 to 100 d
[17]. Two Kochia biotypes from North Dakota,
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which differed markedly in plant structure, also
differed in time to flower initiation by as much as
24 d [14].

4 Ecology of Kochia

The ability of Kochia to establish quickly and
grow vigorously under harsh environments
allows it to become an important colonizer. It was
non-existent in the forests, while it occurred in
45 % of the grain field and 17 % of the rangeland
observed. A field study of Canadian prairies
showed that Kochia was present in 45 % of all
saline areas surveyed [18]. Kochia was one of
the most common species occurring in dry land
saline areas.

4.1 Soil Condition

Kochia germinated well over a wide pH range
[19]. Germination was slightly reduced at pH
extremes of 2 and 12 when compared to inter-
mediate acidities. Kochia was thus shown to
germinate in acidic to alkaline soils. Kochia
seedlings had shorter radicles and hypocotyls at
pH 2 than those at pHs between 3 and 10 [20].
Hypocotyls become shorter as the pH raised
above 10. Germination percentage was approxi-
mately 50 % even in acidity of 4 and alkalinity of
9 solutions [21].

Much like any other plant, moisture is required
by Kochia for germination and establishment.
Germination of Kochia was not significantly
reduced until the osmotic potential of the growth
medium reached —8 bars. Germination declined
as the potential decreased from —8 to —10 bars;
even at —16 bars, Kochia still had 50 % germina-
tion, showing that soil moisture stress had no
severe effect on germination [22].

Dry matter yield and root dry matter raised in
a linear fashion as Nitrogen (N) application was
increased from 0 to 250 kg ha=! [23]. Phosphorous
(P) fertilization also increased dry matter yield.
Interactions were observed between N and P
levels and the resulting dry matter yields. N at
lower levels tended to have a greater yield
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Fig.1 Kochia scoparia (modified from [10, 11]: A mature plant; B upper branch; C root; D flowers; E naked/bare seed;

F seedling [12])

increases. Whether N fertilization may hasten the
plant maturity is still debatable. The effect of fer-
tilizer on Kochia yield is previously reported in
literature [24]. This experiment was conducted
outdoors in pots buried in the ground. From the
first 48 ppm of N added, a 3 fold increase in yield
was obtained. Subsequent additions of N gave

further yield increase. Plant color is the possible
method for approximating the soil fertility.
Fertilization may become important with con-
tinuous Kochia cropping on the same site because
an 8 t ha™! yield with 12.5 % crude protein would
remove about 160 kg N ha'[24]. In field trials,
adding fertilizer gave substantial yield increases
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judging by taller, darker green plants compared
to the control.

The effects of various levels of phosphorus
and nitrogen fertilizer was evaluated in irrigating
condition with salt water on forage characteris-
tics of Kochia by applying two levels of salinity
of irrigating water (5.2 and 16.5 dS m™), and
three nitrogen levels in the form of urea (0 (con-
trol), 100, 200 kg h™!) and three phosphorus lev-
els in super phosphorus form (0, 100, 200 kg h™")
[25]. The results showed that nitrogen applica-
tion leads to increase in height, lateral shoots,
green area index and the leaf to stem ratio, fresh
and dry biomass production compared with con-
trol. Phosphorous did not have any significant
effect of forage parameters. The interactions of
salt and nitrogen showed that nitrogen can par-
tially decrease the negative effects of salt stress
on Kochia and improve the forage characteristics
and biomass production.

Evaluating the electrical conductivity of the
saturated soil extract (ECe) in spring cropping
showed that the soil salinity increased with saline
water application [26]. The highest salt accumu-
lation was observed at a depth of 0-30 cm of top
soil at all levels of salinity. Soil salinity rose with
saline water. For establishing Kochia, adequate
leaching water must be applied for a proper stand,
especially at 28 and 35 dS m™'. Saline water up to
10 dS m™' did not have a considerable effect on
the Kochia seed germination [27]. But, after
crossing this threshold the germination percent-
age and the rate decreased significantly and
extreme reduction occurred at 20 dS m™! salinity,
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but adequate rainfall leached the soil salinity
from the top soil, thereby allowing Kochia a
good opportunity to emerge fast in the existing
conditions (Fig. 2).

4.2 Temperature

High growth of Kochia correlated closely with
soil temperature with a base of 10 °C [28]. Low
temperature is one of the most important environ-
mental factors limiting the growth, product and
geographical distribution of plants. A study car-
ried out in three successive research phases to
evaluate some agronomic, morphologic, bio-
chemical and physiological traits of Kochia in
different temperature conditions to assess the
cold and freezing tolerance Kochia by using of
pacloputrazol, hexaconazole and penconazole (0,
10 and 20 mg L!) and after that treated by freez-
ing temperatures 0, -2, —4, —6 and —8 °C. Result
showed that increase fungicide concentration in
10 and 20 mg L' than control decreased electro-
lyte leakage but electrolyte leakage build-up with
decrease freezing temperature. Fungicide appli-
cation increased —2 °C freezing tolerance in
Kochia. Results showed that by reducing the
temperature to -9 °C, electrolyte leakage
remained constant and reducing the temperature
below —12 °C caused a sharp increase in electro-
lyte leakage. Proline, soluble carbohydrates,
total phenol concentration and electrolyte leak-
age decreased with increase in paclobutrazol
concentration.
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Fig.3 Kochia cumulative germination at different temperature treatments during 14 days [21]
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Fig.4 Temperature and germination rate relationship in Kochia (to evaluate cardinal temperature) R?=90 [21]

Germination characteristic of Kochia was
evaluated at 5, 10, 15, 20, 25, 30, 35 and 40 °C
under dark germinator showed that the highest
germination percentage was obtained at 20-30 °C
and the lowest obtained at 40 °C (Fig. 3) [29].
The longest and shortest period to 20 and 50
germination percentage was recorded to 5-10 °C
and 20-30 °C respectively. Based on Five-
Parameters Beta model, base, optimum and
ceiling temperature for Kochia estimated 4 °C,
22.1 °C and 41.2 °C respectively (Fig. 4).

Kochia seeds were germinated in temperature
regime of 25 °C night and 35 °C day yielded
maximum germination [6]. Cooler temperature
5-15 °C significantly inhibited seed germination.
Germination rate was highest at 25-35 °C and

lowest at 5-15 °C, respectively. Previously
reported that from 8 to 35 °C, average germina-
tion percentage was 85 %, but when temperature
increased to 40 °C, germination percentage
decreased to 31 % [30]. Although in 25 °C time
taken to 50 % germination was achieved only at
the first 24 h, when temperature increased or
decreased from this level, germination rate
decreased. Based on results, Kochia can adjust its
germination in a wide range of temperature, from
3.5 (Tpase) to 50 °C (T, With optimum germi-
nation temperature of 24 °C. This extended tem-
perature range of Kochia germination and its
ability of rapid germination reflect high potential
of this plant to establish in most areas of Iran, as
a new forage crop.
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5 Water Requirement
(Quantitatively
and Qualitatively)

Kochia is responsive to water application but it
can tolerate in the drought condition by reducing
the transpiration surfaces. It is a halophyte, so
that it can produce biomass in the presence of
salinity. In an experiment arranged by Salehi
[31], the effect of salinity on the shoot dry bio-
mass was significant but interaction of drought
and salinity effects were not significant in spring
cropping [32].

The results of summer (first of June up to the
end of September) and spring (first of April up to
the end of September) cropping showed that
increasing water application above the field
capacity did not increase the salt tolerance level
of Kochia [31]. It was found that the plant
response to salinity depends largely on the soil
water regimes [33]. Water and salt stress may
have an additive effect in depressing the plant
growth [34, 35]. The salinity tolerance level of
Kochia could be improved by increasing water
application. The highest and the lowest salt
tolerance indices of Kochia were observed at
100 % and 50 % water application, respectively.
Shortening the irrigation interval in saline condi-
tions has the same benefit as shortening the irri-
gation interval in non-saline conditions [34]. It is
predicted that the effects of salt stress may be
ameliorated by more water [36]. However, in
contrast it is reported that, the critical irrigation
level decreased with increasing salinity, there by
demonstrating that additional water does not
compensate for salt stress [37]. The highest shoot
biomass harvested at 1.5 dS m™' treatment, in
spring cropping (Table 1).

In summer cropping, the highest shoot bio-
mass was obtained at 7 dS m™'. Under severe
drought and salinity, Kochia still could produce
16 t DM ha! biomass spring cropping and 8 t
DM ha™! biomass in summer cropping, respec-
tively (Table 1). Maximum biomass production
of Kochia was 34 and 14 t DM ha~! for spring and
summer cropping at the mid bloom stage, respec-
tively. Kochia produced 11 t DM ha™! of dry matter

Table 1 Shoot dry biomass of Kochia irrigated with 6
levels of saline water and different levels of water appli-
cation in 2008 (summer cropping), and 2009 (spring
cropping), respectively

Year

Summer cropping Spring cropping

Salinity Shoot dry biomass (g m™)

1.5 1342.1a 3439.6 a

7.0 13939 a 2955.1 ab
14 1193.8 ab 2701.2 be
21 1013.9 be 23214c¢

28 1017.4 be 2199.6 ¢

35 883.1¢c 1592.0d

Irrigation

50 % 1098.41 B 25724 A
75 % 1053.26 B 27142 A
100 % 1270.48 A 2573.6 A
125 % 2279.1 A

Shoot dry biomass followed by the same letter are not
statistically different according to the least significant
differences (LSD) between all pairs at the a-probability of
0.05. Irrigation levels compared separately [31]

in the Khorasan province of Iran [38]. Kochia
production in Texas under dry condition and
under irrigation was 11.3 t DM ha! and 26 t DM
ha™!, respectively [39, 40]. Kochia produced
remarkable biomass in north of Iran.

In order to evaluate crop coefficient of Kochia
in different salinity treatments; growing period of
Kochia divided to four stages (Fig. 5). With
increasing salinity crop coefficient reached to its
maximum later and dropped earlier that indicate
lower water requirement under salinity stress
[31]. Salinity effect was evaluated on safflower
water use and expressed that water consumption
decreased with increasing salinity [41]. Reduction
in crop coefficient may slow plant growth, lack of
full coverage of canopy and lower evapotranspi-
ration [42]. Salinity reduces growth, turgor
pressure and so reduces water absorption [42].

Crop coefficient of Kochia in Birjand was 1.2
in its highest water consumption [27]. In fact
plant height, leaf and soil albedo, canopy resis-
tance and evaporation from soil can effect on
determination of crop coefficient.

Optimal conditions for germination and
recovery of germination from saline condition
(0, 200, 400, 600, 800 and 1,000 mM NaCl) were
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Fig.5 Crop coefficient of Kochia at six levels of saline water in spring cropping [31]
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determined after being transferred to distilled
water and reported that maximum germination
occurred in distilled water, and an increase in
NaCl concentration progressively inhibited seed
germination [6]. Seeds were transferred from salt
solutions to distilled water after 20 days and
those from high salinities recovered quickly at
warmer temperature regimes. Final recovery
germination percentages in high salt treatments
were high; indicating that exposure to high con-
centration of NaCl did not inhibit germination
permanently.

The effects of salinity on germination, growth,
ion accumulation and water relations of Kochia
scoparia, was studied under greenhouse conditions

200 400 600 800 1000 1200 1400 1600
NaCl (mM)

and found that it is tolerant to salinity (600—
800 mM NaCl) at germination; the seedling
growth remained unaffected up to 600 mM NaCl
and the plants survived with reduced growth up
to a high salinity of 1,800 mM NaCl (Fig. 6) [43].

The germination characteristic of Kochia
under different levels of salinity (0, 5, 10, 15, 20,
25, 30, 35 and 40 dS m™) using NaCl was evalu-
ated and reported that the highest percentage of
germination was in distilled water that didn’t
show any significant effect with 5 and 10 dS m™!
[21]. By increasing salinity, dry weight and
length of seedling decreased. Potential of forage
production of five different Kochia ecotypes
in response to different levels of salinity
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(5.2, 16.5 dS m™) in five Kochia ecotypes
(Birjand, Urmia, Borojerd, Esfahan and Sabzevar)
was investigated and showed that in the highest
level of salinity, dry and fresh forage yield was
comparable with low level of salinity and all
Kochia ecotypes tolerates against these levels of
salinities [44].

5.1 Disease

Kochia seedlings are susceptible to damping off.
The causal organism of this disease was identi-
fied as Pythium de Baryanum. Attack of the
disease occurred during and after seedling emer-
gence. Discoloration of seedlings and collapse of
the axis tissues were evident and the affected
plants died. Leaf spot diseases attacked Kochia
plants 3-6 in. high in nursery plots. The spot
symptoms on leaves frequently became extensive
enough to kill leaves. Stand destruction was a
threat during cool rainy periods which are favor-
able to the spread of the disease [22] Kochia did
not have diseases in Iran.

6 Cultivation Practices

6.1 Seeding Density and Depth
Emergence of Kochia averaged 74 % when seeds
were left on the soil surface and it was reduced
to 57 % when seeds were planted at a 3 mm
depth. Maximum planting depth was 5 cm from
which Kochia could successfully emerge. Since
germination was unaffected by the absence of
light, the decrease in emergence from depth was
attributed to small seed size [22]. If Kochia is
grown in stands of high density, primary axis
growth is vigorous while lateral branch growth
is suppressed resulting in tall, linear to lancelet
shaped plants.

Kochia seed can germinate in a wide range of
temperature, different levels of water potential,
salinity, pH and depth of flooding and have a high
recovery from stress condition. To obtain basic
information from Kochia seed, result showed that
the highest total germination and germination
rate was observed in 20-25 °C. Hydropriming for
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4 and 8 h cause decreasing in percentage, rate and
germination index but increase in mean germi-
nation rate [29]. Increasing in flooding period
caused decreasing in germination percentage
compared to control. Electrolyte leakage
increased with increasing in flooding [29].

Maximum forage yield was obtained from full
irrigation with 13.22 t ha™! dry matter and
31.81 t ha™! fresh materials in Khorasan province
[45]. In 40 % treatment a significant reduction in
oil percentage (33 %) and seedling dry weight
(65 %) were observed to complete irrigation.

The highest biological yield, leaf and stem dry
weights and protein yield were obtained at 30
plant m~2 [46]. The best plant density, in terms of
biomass production and leaf and stem dry weight,
yield of protein was obtained at 30 plant m=2,
while for grain production a plant density of 20
plant m~2 could be recommended (Fig. 7).

Effect of salinity on seed yield was significant
but the effect of water stress was not significant;
however, salinity effect depends on the amount of
water application. There were no significant
differences in biomass production at 75, 100, and
125 % water requirement application but the
effect of salinity was significant at 50 % water
requirement application (Table 2). The highest
seed yield was observed at 75 % water require-
ment application, 1.5 dS m™" with 2.3 t ha™' and
the lowest seed yield was observed at 50 % water
requirement application, 42 dS m~! with 1.5 tha™!.
In summer cropping kochia could produce
3.3 tha' seed and at 35 dS m™! produced 1.6 tha!
in the north of Iran. Kochia seed yield at full irri-
gation was 2.8 t ha™! and reduced significantly at
80 % water requirement application in Kohorasan
province [38]. It seems that the response of seed
production to water requirement is dependent on
the climate condition and sowing time.

7 Special Characteristics
of Kochia
7.1 Drought Tolerance

Water potential measurements on Kochia plants
showed a unique situation in which the potentials
became and remained low even under irrigation [47].
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Fig.7 Kochia in a field trail [31]

Table 2 Effect of saline water and water application on
seed production of Kochia in spring cropping

Water application (%)

Salinity 50 75 100 125
(dSm™) Seedyield (g m™)

1.5 231.00a  229.09a 251.14a 279.27a
7 27224 ab  265.68a 231.83a 2378la
14 267.22a  228.32a 240.60a 235.56a
21 186.85ab  181.94a 210.55a 229.01a
28 194.05ab 187.50a 178.24a 182.03a
35 188.71 a 163.05a 173.15a 173.06a
42 154.38 b 179.67a 158.14a 20991 a

Seed yield followed by the same letter for salinity levels
within each water application level are not statistically
different according to the least significant differences
(LSD) at a-probability of 0.05 [31]

Plants may show drought avoidance by one or
more adaptation strategy. One adaptation is more
vigorous and competitive root system which
gives the plant access to more soil moisture
by using a greater volume of soil. A second adap-
tation involves using a specialized, highly effi-
cient photosynthetic pathway [22]. A series of
experiments using different levels of saline water

(1.5-42 dS m™) and different levels of applied
water (25-125 % of the water requirement) in the
farm and greenhouse was performed [31]. Results
showed that Kochia like other halophytes is sensi-
tive to drought and salinity at the earliest stages of
growth. Salinity reduced linear phase of growth
and decreased biomass production but salinity tol-
erance of Kochia was improved by increasing
water application. Plants showed more tolerance
against drought stress, when stress was induced in
the whole growth season. In all experiments, eco-
types from the arid regions, revealed a better
response to drought and salinity. Under severe
drought and salinity, Kochia still could produce
up to 16 and 8 t DM ha™! biomass. Results of
water depletion from different soil layers showed
that Kochia uptakes more water from the
30-60 cm soil depth. The soil salinity (ECe) of
this section was lower in comparison to the
0-30 cm soil depth. At 75 % application of water
requirement, Kochia produced 90 % of biomass in
comparison to 100 % water application. Therefore,
deficit irrigation is a useful management tech-
nique for Kochia even under saline conditions.
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7.2  SaltTolerance

Kochia is very tolerant to salinity. It is so salt tol-
erant that only 50 % seed yield reduction occurred
at 35 dS m! of irrigation water [26] and 50 %
reduction of plant dry weight was calculated at
38.16+£3.53 dS mL. Using 7 dS m™' of saline
water and 50 % of water requirement application
will cause only 13 % reduction in seed yield. The
interaction effects of salinity and drought might
not be additive or multiplicative and it might be
even ameliorative. Plants under salinity stress
will produce less transpiration area (leaves), so
plant can manage drought more efficient. Drought
might limit the water in the surface layer of the
soil so that plants will send their roots to the
deeper soil layers and the salt concentration at
that layer might be lower than upper layers.

7.3 Rooting Habit

An investigation was undertaken at Hays, Kansas
to study the root system of Kochia [48]. In first
experiment, Kochia roots had penetrated to a
depth of at least 2.4 m, but considerable lateral
branching was also apparent. Kochia had a root-
ing profile of 6.7 m wide and more than 2 m in
depth [49]. From such investigations, it appears
that the rooting habit of Kochia is important in its
drought resistance.

7.4 C4 Photosynthetic Pathway
Kochia is a C, plant that uses NADP-ME in the
C, photosynthetic pathway [50], and displays a
kochioid type of C, Krantz anatomy [51, 52]. A
specific feature of such C, pathway is the require-
ment for sodium (Na) as a micronutrient [53].
Sodium may have a physiological role in enhanc-
ing in vivo activity of the C, enzyme phospho-
enol pyruvate carboxylase [54]. This feature may
partly explain the observed salinity tolerance in
many C, species.

From the low water potentials observed, the
suggestion was made that Kochia plants continued
to exchange water vapor, oxygen, and CO, with

the atmosphere for most of the day. The metab-
olism of the plant appeared to be modified to
allow for continued growth at lower water poten-
tials. For this reasons, plants such as Kochia are
well suited to hot, bright regions [9].

7.5 Autoallelopathy

Several phytotoxic compounds have been found
in Kochia: caffeic acid, chlorogenic acid, ferulic
acid, myricetin, quercetin, saponins, alkaloids,
oxalates, and nitrates [55-57]. Although these
compounds are known inhibitors, they had no
effect on Kochia germination because it germi-
nates rapidly. Inhibition of growth was dramatic
once the seedlings reached 40-60 h of age.
Evidence to support auto-toxicity also came
from field observation which showed that sec-
ond year growth had a large density but much
reduced growth.

Kochia can be toxic to livestock if consumed
in large quantity, and death of cattle, sheep, and
horses has been reported [58]. Toxic substances
identified in Kochia include saponins, alkaloids,
oxalates, and nitrates [55-57].

7.6 Insect Resistance

Kochia foliage contains compound(s) with insec-
ticidal activity, and extracts from ground Kochia
shoot biomass were found to have acaricidal
activity (contact and systemic toxicity) against
three species of mites (Tetranychus spp.; Acari:
Tetranychidae) [59]. In an early study on Kochia,
reported that, it was resistant to damage by
grasshoppers [60]. In 1 year, yields from sweet
clover were non-existent caused by grasshopper
damage; Kochia remained unaffected.

7.7 Other Characteristics

Kochia may be detrimental to human health as a
pollen allergen. In a study in Thailand, Kochia
pollen was the second most important weed
allergen, with 14 % of 100 patients with allergic
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rhinitis sensitized to it [61]. In Saudi Arabia,
51 % of indigenous patients and 28 % of North
American expatriates living in the area (total of
1,159 patients) were sensitized to Kochia pollen,
which ranked 2nd and 7th most important aller-
gen resulting in sensitization in the respective
groups [62]. Kochia is cultivated in Japan and
China where the young shoots are used as a
vegetable, and the seeds are used medicinally or
ground into flour [9]. Kochia is cultivated in the
countryside in China and Russia for making
brooms [9]. The dried branches of this plant are
harvested at the ripening stage for use as a broom
for open-space cleaning, for example, cleaning
public avenues [38].

8 lons Accumulation of Kochia

Kochia leaf Na at vegetative stage was higher
than flowering and ripening stages [31]. All Na
which is transported to shoot remain there,
because plant reabsorbs less amount of Na by
phloem [32]. Na loading to shoot can be con-
trolled by Na loading in xylem [63]. Higher
amount of Na and K in shoot showed that both of
these anions have role for regulating osmotic
potential [64]. K content of leaf was twice the Na
content even in the non-saline condition. K con-
tent of Kochia is 2.6-2.9 % of dry weight [24].
Salinity treatment 1.5-42 dS m™! at initial growth
changed Na/K ratio from 1.86 to 0.86 [32]. It is
seems that plant ability for maintaining Na/K
ratio in salinity tolerance of plant [65].

Leaf had the highest Cl accumulation [31].
Results showed that Cl content of stem was not
affected up to 35 dS m™! salinity. Leaf can toler-
ate 400 mM Cl in leaf; even very sensitive plant
(lemon) can tolerate 250 mM ClI in leaf [63].
Salinity tolerance of Kochia to Cl is more than
sulfate [66]. Selective absorption of anions
showed that plant can exclude more Na and
absorb more K; that showed the higher capacity
of root system to absorb K [67]. Selective absorp-
tion of K increased by raising salinity up to
21 dS m! and after that decreased. By increasing
Na in irrigation water selective transport of plant
for K decreased and plant absorbed more Na.
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Table 3 Saline water effect on Na accumulation
(Kg ha™) in the soil, and in plant at vegetative, flowering
and ripening stages

Salinity Plant Na content

(dSm™) SoilNa Vegetative Flowering Ripening
1.5 130.5 130.8 274.2 200.1

7.0 559.7 1412 224.2 224.9

14 1095.7  108.7 215.5 333.0

21 1621.7 86.2 180.5 258.9

28 2478.7 69.4 205.8 231.7

35 2683.6 57.6 128.9 200.9
42 3214.6 78.0 135.8 238.5

Because of the raising Na content of irrigation
water; plant Na/K ration increased by raising
salinity [31].

Selective transportation of anions showed that
root can control Na transportation and more K
transported to leaf. Increasing salinity increased
selective transportation and decreased Na trans-
portation to leaf. Results showed that Na/K ratio
at root is more than leaf and stem. In comparison
of other halophytes like Echinochloa frumenta-
cea, Kochia is a salt excluder [68]. Using saline
water increased Na content of soil (Table 3).
Kochia is a C, plant that uses NADP-ME in the
C, photosynthetic pathway [50, 69], and displays
a kochioid type of C, Krantz anatomy [51, 52]. A
specific feature of such C, pathway is the require-
ment for sodium (Na) as a micronutrient [53].
Sodium may have a physiological role in enhanc-
ing in vivo activity of the C, enzyme phosphoenol
pyruvate carboxylase [54]. This feature may
partly explain the observed salinity tolerance in
many C, species. With raising salinity despite the
increasing Na accumulation in plant decreased
because of decreasing shoot biomass. According
to the result, it seems that plant can absorb all the
Na if 3 dS m™! saline water is used.

Kochia may need Na as a micronutrient [31].
Root system of this plant absorbs and transports
Na to shoot selectively. Besides selective
absorption, Na transport from root to shoot is
selectively and all these factors help Kochia
to manage Na/K ratio. Kochia can tolerate
Cl accumulation in leaves (Table 4). These
two strategies, selective absorb and transport,
are used for maintenance of Na/K ratio in
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Table4 Saline water effect on Cl accumulation (Kg ha™')
in the soil, and in plant at vegetative, flowering and ripening
stages

Plant CI content

Salinity

(dSm™) Soil Cl Vegetative Flowering Ripening
1.5 494 3084 504.7 735.8

7 2125 3332 414.8 771.1
14 418.1 2744 441.8 1108.4
21 623.6 2314 335.1 757.1
28 829.1 193.7 420.8 712.2
35 1034.6  149.0 289.3 664.9
42 1240.2 1375 295.8 544.7

Table 5 Salinity effect on Na/K at vegetative, flowering
and ripening stages and selective absorption (SA) of anions

Salinity Na/K plant

dSm™ SA Ripening  Flowering Vegetative
1.5 7.85abc 0.53 cd 0.68 be 0.68 abc

7 971a  0.67cd 0.72 be 0.63 be
14 8.13ab  0.96 ab 0.61c 0.59¢

21 1027a  0.79 be 0.80abc 0.85a

28 6.73bcd 0.85abc  0.80abc  0.77 abc
35 469d 1.02a 091 ab 0.88a

42 544cd 093 ab 097a 0.80 ab

Kochia (Table 5). Despite Kochia can maintain
sodium at low level but it needs to spend a lot of
energy and which in the end reduces the amount
of plant biomass. The main advantage over other
halophyte plants is in the feed value, because
low amount of leaf Na raise feed value.

9 Water Use Efficiency and
Water Productivity

One of the most important reasons for interest in
Kochia is that it has low water use relations to the
amount of dry matter produced when compared
to other crops. Primary advantage of the C, pho-
tosynthetic pathway is the associated high water-
use efficiency (WUE); C, species have higher
ratios of photosynthesis to transpiration than C;
species [54]. A study in New Mexico found that
the WUE of Kochia was about three times that of
alfalfa [39]. In a study in Iran, WUE in Kochia,
subjected to irrigation water of varying salinity
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levels, ranged from 7.6 to 11.9 kg biomass mm™!
evapotranspiration and 2.4 to 2.9 kg seed mm~'[27].
Kochia was about equal, in water use efficiency,
to red root pigweed (Amaranthus retroflexus) and
wild oats (Avena fatua) at 275 g of water used for
each gram of forage produced [70].

Water productivity of Kochia decreased with
raising salinity and water application. The high-
est water productivity was observed at 1.5 dS m™!
and 50 % water application treatment and the
lowest was at 35 dS m~! and 125 % water applica-
tion. Salinity affects soil water potential and
reduces soil available water or stomatal closure
and evapo-transpiration rate reduction, leaf area
and size reduction [71, 72]. Increasing salinity
reduces root growth and water absorption [73].
Increasing salinity and water application decrease
salinity effect on water productivity because
abundant water is available for plant. Generally,
deficient irrigation can be used in Kochia in the
presence of salinity.

10 Possible Utilization of Kochia

10.1 Hay Production

Kochia has been used as a livestock feed during
periods of forage shortages resulting from
drought, in 1988 across the Canadian Prairies and
USA Great Plains when the value of non-
cultivated Kochia harvested as emergency forage
in southern Saskatchewan was estimated at $7
million (Saskatchewan Research Council 1992).
As a dry land forage crop in arid to semiarid
regions, Kochia has several noteworthy charac-
teristics including drought, salinity, and grass-
hopper (Orthoptera: Acrididae) tolerance,
leafiness, high vegetative and seed yields, and
high protein and carbohydrate content [60]. In
the semiarid Canadian Prairies, forage production
generally averages 4-7 t ha™! annually; early
spring and fall-seeded Kochia in southwestern
Saskatchewan yielded between 5.4 and 10.9 t ha™!
on a severely saline soil [74]. Harvested during
the vegetative stage, crude protein content ranges
from 10 to 25 %, but decreases as the plant
matures [75].
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10.1.1 Forage Quality of Kochia
Digestibility of Kochia forage crude protein,
digestible energy, and intake by sheep were lower
than alfalfa [76]. Kochia forage has relatively high
digestibility in vitro when harvested at the flow-
ering stage compared with mature Kochia [24].

No difference was found in dry matter intake
or dry matter digestibility when goats were fed
diets of varying proportions (0-100 %) of fresh
Kochia and ammoniated barley (Hordeum
vulgare L.) straw [77]. Kochia hay can be fed at
levels between 25 and 50 % of the diet without
adverse effects on intake or digestibility by sheep
[78]. Numerous feeding trials have generally
concluded that Kochia fodder should not com-
prise the majority of the diet and pure Kochia
stands should not be grazed by livestock [57]. In
a feeding study in Saskatchewan, beef steers
were fed rations with varying amounts of Kochia
hay harvested from a saline flat in a field; the hay
contained 2.6 % soluble oxalates and 0.5 %
nitrates [79]. A later study by found that the max-
imum nitrate-N accumulation in Kochia forage
was 0.5 g kg!, which was less than the recom-
mended 1.1 g kg™ (0.11 %) nitrate-N upper limit
for livestock feed to avoid poisoning [80]. As the
proportion of Kochia in the steers’ diet exceeded
60 %, dry matter intake and N retention declined
sharply [79]. Both urinary and fecal N excretion
increased with increasing levels of Kochia in
the diet, indicating possible liver and kidney
damage.

Feeding trials with sheep indicated high
digestible crude protein (83 %) and low total
digestible nutrient value (57 %) for immature
Kochia, and relatively low dry matter consump-
tion per day; these values declined and crude
fiber content increased with advanced growth
stage [75]. The quality and quantity of forage
production in intercropping of Kochia (Kochia
scoparia L.) with Blue Panic Grass (Panicum
antidotale) under irrigation with saline water was
evaluated [81]. Mix of 50 % Blue Panic Grass
and 50 % Kochia with an average of 1,408 g m?
had the highest dry matter yield and then treat-
ment 25 % Blue Panic Grass and 75 % Kochia
and 75 % Blue Panic Grass and 25 % Kochia
were 1,317 and 993 g m™, respectively. Due to
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lower growth rate of Blue Panic Grass (perennial)
in the first year, a large proportion of dry matter
per treatment was associated with Kochia and
land equivalent ratio was less than one in all
intercropping treatments. In first and second
clippings, there was no significant difference
between intercropping treatments in terms of
crude protein, ash, NDF and ADF.

Previously reported that after being pastured
on Kochia for 5 months, one cow had died and
others were sick [82]. Photosensitization was
evident in the sick animals as they had swollen
eyelids, swollen necrotic muzzles, lacrimation,
necrotic skins under white hair patches, and a
necrosis of teat ends. The animals were gener-
ally lethargic and depressed. Some blindness
was also noted in a few of the animals. Problems
were alleviated once cattle were removed from
the Kochia pasture. Although Kochia was con-
sidered a good feed, caution was recommended
in its use.

Sheep grazing on Kochia pasture for
45-50 days became reluctant to graze and devel-
oped nasal swellings and nasal necrosis along
with other complications [58]. In all cases, prob-
lem developed while animals were on mature
Kochia. Kochia toxicity was thought to be related,
in part, to high oxalate content in mature plants.
Because of potential toxicity problems, a diet
consisting of no more than 50 % Kochia is
recommended [78].

Following various isolation experiments, and
small animal feeding trials, the New Mexico
researchers concluded that the toxic agent was an
alkaloid. Some evidence was obtained recently
that the alkaloid was spartine [83]. Previously
isolated very small amounts of harmane and har-
mine alkaloids from Kochia [84]. Feeding trials
with cattle showed that Kochia could be fed at
amounts up to 40-50 % of the diet to cows
without problems. Above 50 %, however, the ani-
mals’ intake of feed fell off quit rapidly. The best
stage of maturity to cut Kochia for hay was at late
bud or early flower. This was the best compro-
mise between yield, crud protein content, digesti-
bility and reduced levels of nitrate and oxalate.
Crimping the hay seems very important to hasten
drying (e.g. use haybine type of equipment) [83].
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Silage made from second growth Kochia at a
height of 12 in. and from mature plants 5 ft. tall
was evaluated [60]. The silage was considered sat-
isfactory with and without the use of molasses.
Intake of Kochia silage was dependent on the age
of harvest. Plants harvested earlier had higher leaf:
stem ratios and were much more preferred [75].

10.2 High Protein Seed Crop

Kochia produce high protein seed, which can be
used in poultry feed. Fed turkey poults rations con-
taining 15 or 30 % Kochia seed (25-33 % crude
protein), with the saponins present in the seed
either removed by washing with sodium hydroxide
(NaOH) or inactivated by mixing the whole seed
with phytosterols [85]. The control treatments,
unwashed Kochia seed or seed without added phy-
tosterols, resulted in 40 and 93 % mortality for the
15 and 30 % rations, respectively. If using Kochia
in the ration, a diet containing 15 % Kochia seed
treated with 1 % NaOH was recommended.

10.3 Phytoremediation
Kochia does not appear to be a suitable crop
to mine salts from saline soils in an attempt
to reduce salinity [86]. Research at Baildon,
Saskatchewan showed that Kochia was useful in
stabilizing of a particular saline site. Kochia was
established on a localized saline seep in down
slope position and alfalfa was planted in the
upslope recharge area. After several years under
normal forage management, marked soil
improvement was detected in the seep. Previously
noted that even though Kochia is not always a
cure for saline soils, the yield potential and sub-
sequent economic return from unproductive soils
is of major interest [86]. Kochia is reported to
have fairly high potassium (K), magnesium (Mg),
calcium (Ca), and low chloride (CI) contents [66,
87], tends to accumulate K and exclude sulfate
relative to concentrations of these ions in the soil.
Kochia is also beneficial in phytoremediation,
ranking 6th out of 10 plant species in bioaccu-
mulation of cesium-137 from solution [88]. The
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species may also make easier remediation of
hydrocarbon-contaminated soil, as Kochia and
some native perennial grasses were the most
abundant species at contaminated sites in south-
ern Saskatchewan [89]. Furthermore, the rhizo-
sphere of Kochia significantly enhances the
microbial-mediated mineralization of herbicides
such as atrazine and metolachlor, and insecticidal
hexachlorocyclohexane isomers [90].

10.4 Edible Oil Crop
The oil content of Kochia seeds was between
8.4 % in the non-saline and 7.8 % under 42 dS m™!
salinity, and the effect of treatments on oil con-
tent was not significant. Drought stress up to
40 % of water application did not have significant
effect on oil content [38]. Kochia could produce
192 kg ha™! oil at 25 % of deficit irrigation and
1.5 dS m™%; and 120 kg ha! at 42 dS m™! and
50 % of deficit irrigation. Canola could not pro-
duce seed at 35 dS m™! but Kochia produced
138 kg ha! oil in this level of salinity [91].
Analysis of Kochia’s seed oil showed the
presence of 14 fatty acids of which five were
saturated and nine were unsaturated fatty acids
(Table 6). Saturated and unsaturated fatty acid
contained 12 and 84 % of seed oil content,
respectively. Palmetic (C49) was the dominant
saturated fatty acid (8.4 %), and linoleic (50 %)
and oleic (20 %) acids were the dominant unsatu-
rated fatty acids. Kochia seeds also contained
4.7 % o-linolenic acid. Linoleic and a-linolenic
acids are the two essential fatty acids that the
human body needs and cannot manufacture [92].
The oil content of the halophytes of Pakistan was
evaluated and reported that they did not have
oleic and lenoleic acids in their oil components
[93]. Kochia oil contains 4.6 %, 5- Hexadecanoic
acid. Previously reported that this fatty acid can
be used to control the disease carrying mosquito
Cluex quinquefaciatus [94]. This unusual fatty
acid is produced in the seed of Kochia scoparia.
Kochia oil contains 28 % mono-unsaturated and
56 % poly-unsaturated fatty acids; therefore,
Kochia seeds have the potential to be used as a
source of edible oil.
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Table 6 Saturated and unsaturated fatty acid fractions

(%) in the oil of Kochia seeds

Fatty acid Percent
Saturated

Hexadecanoic acid methyl ester Cio 8.39
(palmetic)

Octadecanoic acid methyl ester (stearic) Cigo 2.74
Eicosanoic acid methyl ester (arachdic)  Cyy  0.92
Docosanoic acid methyl ester (behenic) Cyp,  0.06
Tetracosanoic acid methyl ester Cuo 0.12
(lignoceric)

Total 12.23
Unsaturated

5- Hexadecanoic acid methyl ester Ciqn 4.59
9-Hexadecanoic acid methyl ester Ci1 0.14
(palmitoleic)

9- Octadecanoic acid methyl ester Cig 19.69
(oleic)

5- Octadecanoic acid methyl ester Ciy 222
11- Eicosanoic acid methyl ester Cyq 132
(gadoleic)

5, 9- Octadecanoic acid methyl ester Cigo  0.69
9, 12-Octadecanoic acid methyl ester Cigo 49.90
(linoleic)

5,9, 12- Octadecanoic acid methyl ester Cig3  0.63
9, 12, 15-Octadecanoic acid methyl Ciss 4.67
ester (a-linolenic)

Total 83.85
Table 7 Lignin and other inhibitors in Kochia
Parameter Units Mean St. dev.
Insoluble lignin % 16.1 0.6
Soluble lignin % 1.9 0.1
Hydroxymethylfurfural mg g 133 33
Furfural mg g™! 2454 9.0
4-hydroxybenzoic acid ug g 35.2 1.0
Vanillic acid ug g! 185.0 6.1
Syringic acid ug g! 1017.8 27.5
4-hydroxybenzaldehyde  ug g™ 89.6 3.4
Vanillic aldehyde ug g 732 137
Syringic aldehyde ug g”! 3449 205

Potential Use of Kochia
as Biofuel

10.5

Biomass-based ethanol (or bioethanol) is well-
entrenched as a potential substitute for petroleum-
based gasoline. One of the primary benefits
of switching to this fuel is that biomass is
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renewable, and can potentially provide a
sustainable fuel supply over the long term [95].

Many biofuels generate large benefits when
compared to fossil fuels. Cellulosic materials are
comprised of lignin, hemicelluloses, and cellu-
lose and thus are sometimes called lignocellu-
losic materials. They have to be converted to five
and six carbon sugars, before they can be fer-
mented and converted into ethanol. Lignin which
contains no sugars encloses the cellulose and
hemicelluloses molecules, making them difficult
to reach. Cellulose molecules consist of long
chains of glucose molecules as do starch mole-
cules, but have a different structural configura-
tion. These structural characteristics plus the
encapsulation by lignin makes cellulosic materi-
als more difficult to hydrolyze than starchy mate-
rials. Also hemicelluloses is comprised of long
chains of sugar molecules [96].

The feasibility of converting ligno-cellulosic
vegetative biomass of plants into sugar, which is
subsequently fermented to ethanol, opens new
venues to tackle the problem of ‘food or fuel’
because the grain is spared for food in the process.
Halophytes grow under conditions where both
available water and soil are saline [97]. Therefore
use of halophytes as biofuel crop is advantageous
because they do not compete with conventional
crops for high quality soil and water and hence do
not encroach on the resources needed for food
crops [98]. Kochia cellulose content was 40 %
lower than Ethiopian mustard (Brassica carinata)
residue, Kochia cellulose was 30 % lower than
wheat straw and alfalfa, but only 15 % lower than
corn stoffer. Hemicellulose content in kochia was
fairly similar to that in alfalfa and corn, while
kochia lignin was similar to lignin in other bio-
mass feedstocks. Alfalfa biomass had the lowest
hemicellulose content and oats the highest, with
more than two fold difference between the two
crops. Overall, the cell wall structure of kochia
was most similar to corn stoffer.

During hydrolysis of lignocellulosic materials
a wide range of compounds which are inhibitory
to microorganisms are formed or released. Based
on their origin the inhibitors are usually divided
in three major groups: weak acids, furan
derivatives, and phenolic compounds. These
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compounds limit efficient utilization of the
hydrolysates for ethanol production by fermenta-
tion. If the inhibitors are identified and the mech-
anisms of inhibition elucidated, fermentation
can be improved by developing specific
detoxification methods, choosing an adapted
microorganism, or optimizing the fermentation
strategy [99]. Table 7 showed lignin and other
inhibitors of Kochia. Vanillin, a major phenolic
compound, has been suggested to be a stronger
inhibitor of growth and bioethanol fermentation
than other inhibitors because vanillin acts at low
concentrations [100]. Furfural and hydroxymeth-
ylfurfural (HMF) are representative inhibitors
among many inhibitive compounds derived from
biomass degradation and saccharification for
bioethanol fermentation. Most yeasts, including
industrial strains, are susceptible to these inhi-
bitory compounds, especially when multiple
inhibitors are present [101]. p-Hydroxybenzoic
aldehyde, a lignin-degradation product is more
inhibitory than the sugar-derived products, such
as furfural and 5-hydroxymethylfurfural [102].

Glucose was the main sugar of Kochia. Larger
amounts of glucose are advantageous for ethanol
production because glucose can (currently) be
converted at higher yields to ethanol than most
other sugars, especially compared to pentoses
like xylose and arabinose. Xylose content of
Kochia was the same as other alfalfa but arabi-
nose was higher in Kochia.

This result suggests that Kochia can compete
favorably with other conventional sources for
biofuel production. It provides an option of
selecting high biomass plant that contain suitable
ligno-cellulosic material for conversion into
ethanol and can be grown without encroaching
upon arable land and fresh water.
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