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Abstract

Distinguishing feature of halophytes as fodder plants are high nutritional value, stable balance
of nutrients over seasons, especially during critical periods of pasturing during autumn and winter, and
a high content of essential amino acids. Halophytic fodder dwarf semi-shrubs, Kochia prostrata (L.)
Schrad. and Salsola orientalis S.G. Gmel., and shrubs, Haloxylon aphyllum (Minkw.) Iljin and Aellenia
subaphylla (C.A. Mey) Aellen. perform high and sustainable fodder productivity under xerothermic
conditions of the Central Asian deserts. In these conditions, shrub and semi-shrub halophytes can
successfully complete a full life cycle due to structural, physiological and biological adaptations. These
re a succulent type of the leaf photosynthetic apparatus (R.M. Ogburn et al., 2010), a multilayer
epidermis, thickening of the cuticle (R.F. Sage et al., 2011) and the C-4 plants which are more efficient
in transpiration compared to C3 plants and lower water consumption (V.I. Pjankov et al., 1991;
V.1. Pankov, 1993). Roots play a central role in the yield formation and now considered key drivers of
the second “green revolution”. Knowledge of the Chenopodiaceae shrubs’ and semi-shrubs’ root for-
mation in the foothill desert conditions elucidates fundamental peculiarities of these halophytic plant
biology and provides the correct placement of the crops in arid zones. We compared parameters of
root formation in shrubby and semi-shrubby halophyte species to identify their ecological role in the
conditions of the Central Asian foothill desert (Nishan steppe, Kashkadarya region, Republic of Uz-
bekistan, 2015-2020) in plants of the 15t and 5t year of life. The halophytes of family Chenopodiaceae
have acquired adaptive properties and increased production functions due to evolutionary developed
powerful and deeply penetrating roots capable of the use of precipitation, condensation moisture and
shallow ground water. Semi-shrubs Kochia prostrata (L.) Schrad., Salsola orientalis S.G. Gmel. and
shrubs Haloxylon aphyllum (Minkw.) lljin, Aellenia subaphylla (C.A. Mey) Aellen. are capable of rapid
root growth and development. The roots of 1-year old plants penetrate into the soil to a depth of 235 cm
in H. apyllum, 150 cm in A. subaphylla, 200 cm in S. orientalis, and 215-295 cm in K. prostrata. At the
age of 5 years, the roots reached a depth of 1240 c¢cm, 600 cm, 550 ¢cm, and 580 cm, respectively.
Therefore, the root length exceeds the height of the aerial part in the 15t year by 4-4.5 times, and at
the age of 5 years by 6 times. The ability to high growth rates of the root system is an important
condition for uninterrupted water absorption by the roots in conditions of moisture deficiency and
drought. The depth of penetration of the root system of plants of different life forms (shrubs, semi-
shrubs) is strongly influenced by the water-physical properties of the edaphic environment. In condi-
tions of permanent soil moisture deficiency, the root system tends to constantly go deeper into the
soil-soil environment, breaking through dense, cemented soil layers. In our opinion, for semi-shrubby,
shrubby halophytes can not only uptake water by roots from deep soil but also move it to drier soils
horizons where this water can be used by plants with a shallow root system. Therefore, the studied
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halophytes can obviously provide a function of hydraulic lift.
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prostrata (L.) Schrad., Aellenia subaphylla (C.A. Mey) Aellen, Haloxylon aphyllum (Minkw.) lljin, root
system, morphology, hydraulic lift

The distinctive features of halophytes as forage plants are high nutritional
value, stable balance of nutrients according to the seasons, especially during crit-
ical periods of grazing, in autumn and winter, a high content of essential amino
acids [1]. The forage shrubs and semi-shrubs are important as protein sources in
many regions. Thus, in Western Australia, the crude protein content in Kochia
brevifolia R. Br. is 20%, in Atriplex nummularia L. and Atriplex vesicaria Heward
ex Benth. 14-18% [2]. An important biological feature of shrubs such as Haloxylon
aphyllum (Minkw.) Iljin, Aellenia subaphylla (C.A. Mey) Aellen and semi-shrubs
(Kochia prostrata) is rapid growth and development in culture [3, 4].

During haloxerophilization, under the influence of the increasing aridiza-
tion of the climate, shrubs and semi-shrubs of the Chenopodioideae family under-
went the deepest adaptive restructuring of various traits and functions, including
physiological and biochemical ones. Such a restructuring in xerothermal condi-
tions is primarily the reduction of evaporating vegetative organs and the strength-
ening of the absorbing (suction) function of the root system [5, 6].

In improving the adaptive properties of shrubby and semi-shrub halo-
phytes, which ensured their successful functioning and reproduction in the harsh
xerothermal conditions of the Central Asian desert, root systems that penetrate
deeply into the soil are obviously of great importance [7]. It is known that roots
are very important for the consolidation and absorption of water and mineral re-
sources, but not all researchers consider roots as an important organ taking an
active part in the formation of phytomass (harvest) [8]. Traditionally, most re-
searchers have focused on the study of the aboveground part of plants (stems,
leaves, flowers, fruits, and seeds) and overlooked the root system [9]. Nevertheless,
many researchers are currently beginning to understand that plant roots play a
central role in crop formation. In the review published in 2010 in the Nature
journal, V. Gewin [10] notes that the success of the first ”green revolution” is
associated with the selection of dwarf short-stemmed wheat varieties, in which
energy and metabolites are mainly spent on the formation of grains, rather than
stems. According to forecasts [10], the key factor of the second “green revolution"
is the root system, i.c., the improvement of its architectonics, ecological and phys-
iological functions.

An in-depth understanding of issues related to the root system of plants is
associated with solving practical problems in crop production, in particular, more
efficient use of fertilizers and water and ensuring sustainable productivity under
various biotic and abiotic stresses [11]. Salinization of land creates unfavorable
conditions for agricultural production, leading to global annual losses of products
in the amount of exceeding 12 billion US dollars [12]. In China, saline-alkaline
soils account for 25% of agricultural land and are underutilized. One of the sus-
tainable strategies for more effective involvement of saline lands in agricultural
production is the breeding of halophytes that can survive and complete their life
cycle in soil environments containing more than 200 mM NaCl [13]. Recently,
studies conducted in Iran found that halophytic species of the genus Suaeda spp.
contain nitrogen-fixing endophytic bacteria in the roots, which can make a signif-
icant contribution to providing plants with nitrogen [14].

The study of halophytes is additionally actualized die to climate change
and the need to provide food to the growing population of the Earth [15, 16].

According to I.I. Sudnitsyn [17], the rate of water absorption by a plant
is directly proportional to the depth of penetration and the density of the root



placement in the soil layer. Therefore, information about peculiarities of the root
system formation in shrubs and semi-shrubs of the family Chenopodiaceae in the
foothill desert conditions (e.g., the growth rate, the depth of penetration into the
soil) is very important not only for the knowledge of these halophytic plant life
forms but also for the correct placement of crops in arid zones.

This paper for the first time examines the role of the root system in the
water supply and water balance maintenance in halophytic shrubs and semi-shrubs
under the xerothermal conditions of the Central Asian desert.

The aim of the work is to compare the formation of the root system of
shrub and semi-shrub species of halophytes and to reveal their ecological role in
the conditions of the Central Asian desert.

Materials and methods. The study was conducted in the area of the foothill
desert (Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 38.62624 N,
65.69219 E) in 2015-2020 in the introduction nursery of fodder shrubs and semi-
shrubs, founded in 2015. The excavation area of root systems of plants of various
life forms is located in the lower belt of the foothill desert at 354 m above sea
level. The climatic conditions of the research area are characterized by high dry-
ness and continental climate.

In experiments with the semi-shrub Kochia prostrata, three ecotypes were
studied: rocky (seeds were collected in the Osh region of Kyrgyzstan), sandy (seeds
were collected in the Kyzylkum deserts in Uzbekistan, Muyunkum in Kazakhstan
and in the Caspian semi-desert) and solonetzic (the Achikulak Forest Research
Experimental Station, Russia).

Phenological observations for each studied species were carried out on 75
plants in three repetitions.

The excavation of the root systems of shrubs Haloxylon aphyllum (Minkw.)
Lljin, Aellenia subaphylla (C.A. Mey) Aellen. and semi-shrubs Kochia prostrata (L.)
Schrad., Salsola orientalis S.G. Gmel. was carried out by the trench method [18].
The excavation of roots of shrubs and semi-shrubs at the age of 1 year was carried
out in three plants of each species at different phases of development (seedlings,
true leaves, branching, flowering, fruit formation). To excavate the roots systems
of the Haloxylon aphyllum, Aellenia subaphylla, Salsola orientalis, Kochia prostrata
at the age of 5 years, a plant was selected that outwardly corresponded to an
average representative of each of the studied species.

Statistical processing of the obtained data was carried out in the Microsoft
Excel 2010 program. The results are presented as means (M) and their standard
errors (£SEM).

Results. In the zone of the foothill desert of Kashkadarya region, the grow-
ing season consists of mesothermal and xerothermal periods characterized by a
certain temperature and humidification regime [5]. The mesothermal (cool and
humid) period falls on November to April. At this time, an average of 224 mm of
precipitation falls annually in the research area. The xerothermal (dry) period co-
vers May to October. In summer, the soil dries up due to physical evaporation
and transpiration of plants because of high temperatures, insolation and constantly
blowing winds. The average annual air temperature is 14.8 °C, +47 °C the maxi-
mum, 27 °C the minimum. The temperature transitions through 0 °C predomi-
nately occurs at the end of February and the beginning of March. The average air
temperature in February is 3.6 °C, in March 9.4 °C, and in April 15.7 °C. Relative
humidity over the year is 30% on average, in summer 10% on average.

The soils where the root systems were excavated, as well as the entire lower
belt of the foothill desert, are mainly light gray. A characteristic feature of the soil
profile is its stratification where horizons of light loam, medium loam, heavy loam
and sandy loam alternate.



The soils are largely salinized and can be attributed to saline soils. Only
the upper 8-centimeter layer is not salinized, below the salinity is weak, 0.25-
0.45%, and at a depth of 94-610 cm the content of water-soluble salts reaches
1.35-2.77%. The gypsum content in the soil of these sections is small and ranges
from 0.5-35.8% along the horizons, humus concentration in the root layer is 1.86-
2.02%, total nitrogen along the horizons is 0.006-0.12%, total phosphorus 0.02-
0.19%. Potassium is present in sufficient quantities throughout the root-inhab-
ited horizon (936 mg/kg in the upper layers, 30 mg/kg in the lower layers).

Salsola orientalis S.G. Gmel. (family Chenopodiaceae) is a perennial plant
of 40-60 cm in high with a stem of 5-10 cm in high from which 3-6 skeletal axes
depart [19]. The Salsola orientalis is a haloxerophytic semi-shrub characterized by
high tolerance to drought and resistance to salt stress [6]. The ability of the S. ori-
entalis to successfully perform a full life cycle under xerothermal arid conditions
and high soil salinity is due to structural adaptations and succulent form of leaves
[20], including multilayered epidermis, thickening of the cuticle ]21] and C4-type
photosynthesis to provide more efficient use of water for transpiration than in C3-
plants [22, 23].

The data characterizing the growth of the root system of the S. orientalis
in the first year of life are given in Table 1. At the end of April, at the 0.9-1.0 cm
height of the aboveground part of the plant, the roots of the S. orientalis penetrate
to a depth of 44+5.3 cm, at the end of May they deepen to 80t4.1 cm, at the
end of the growing season (2.XI1.2016) up to 200£11.2 cm.

1. Root growth and development of Salsola orientalis S.G. Gmel. Plants of the 1st
year of life (n = 9, MESEM; introduction nursery, foothill desert zone, Nishan
steppe, Kashkadarya region, Republic of Uzbekistan, 2016)

The ratio of the length of the

Date and phase Depth of penetration|{Width of the horizontal roots to the height of the acr-

of development of the root system, cm |spread of the root, cm

ial part
24.1V. Seedlings 44.015.3 16.5+3.3 4.7
31.V. True leaves 80.014.1 95.0+2.7 4.1
5.VII. Branching 105.0+7.4 75.0+5.2 2.6
3.IX. Flowering 125.0£5.7 85.0+£7.3 2.5
2. XII. Fruiting,
the end of growing season 200.0+11.2 145.0+£6.4 34

Interestingly, the depth of penetration of the roots of the S. orientalis is
4.1-4.7 times greater than the height of its aboveground part, and remained 2.5-
3.5 times greater in the second half of the growing season. The root coefficient
(the maximum depth of root penetration into the soil X the maximum diameter
of its spread) [24] was 726-7600 in the first half of the growing season and 10625-
29000 in the second half. In the second and subsequent years of life, the root
system continues to develop. According to our observations, in May, the root
system of the 5-year-old S. orientalis plants was powerful, penetrating the soil to
a depth of 550 cm (Fig. 1).

The main root at a depth of 8 cm is divided into two large roots going
down at a slight angle to each other. In turn, one of them at a depth of 12 cm,
the other at a depth of 17 cm are divided into two, forming four rather large roots.
One of them at a depth of 25 cm turns at an angle of 45 degrees to the side by
65 cm, gradually deepening into the ground. At a depth of 140 cm, one of the
roots turns sharply to the side, horizontally by approx. 1 m in length, then goes
down again, and at a depth of 330 cm, entering a dense fine-grained horizon, goes
horizontally to the side. The other, the thinnest of the three roots, goes vertically
down, branches strongly into small white tails. The third root at a depth of 340 cm,
making a loop, goes slightly up and to the side by 30 cm, and then turns sharply
down. The main root of the S. orientalis plant, having reached the dense horizon,
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turns aside, divides into several roots that diverge along the sides. Some roots even
rise up and branch into numerous thin roots, which, in turn, dividing into smaller
ones, end in a loose medium-loamy moist horizon. The rapid growth and for-
mation of a powerful root system of the S. orientalis are crucial in the rational use
of water and mineral resources from the soil to provide high forage and seed
productivity under arid conditions of the foothill desert.
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Fig. 1. Root system of Salsola orientalis S.G. Gmel. 5-year old plants on medium loamy gray soils: 1 —
renewal buds, 2 — root neck, 3 — main root, 4 — lateral roots, 5 — root hairs (introductory nursery,
foothill desert zone, Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 2020).

Kochia prostrata (L.) Schrad. (Chenopodiaceae family) is a perennial semi-
shrub xerogalophyte, according to our observations, it has a height of 75-110 cm,
forms 16-25 kg/ha of dry fodder mass which is 16-18% protein. It is intended for
cultivation without irrigation to create long-term highly productive pastures in arid
areas under low and medium soil salinity. In experiments conducted in the arid
regions of the USA (Idaho and Utah), K. prostrata turned out to be the best in
terms of productivity, nutritional value and digestibility of feeds obtained from it
[25-27].

We compared the development of various ecotypes of K. prostrata plants
in the 1st year of life (Table 2). It was found out that the depth of root penetration



varies significantly depending on the ecotype.

2. Growth and development of Kochia prostrata (L.) Schrad. of various ecotypes in
the 1st year of life (n = 9, MESEM; introduction nursery, foothill desert zone,
Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 2016)

Ecotype | PH [ cW | NS [ DRP | HRS | NRI
Rocky (from Kyrgyzstan) 92,0£1,4 100,046,3  32,0%42  240,0%12,6 1150136 29,021
Sandy (from Kyzylkum) 67,040,8 65,0452  23,0£3,0  237,0+18,7 130,0£158 25,018
Sandy (from Muyunkum) 73,0+2,7 36,0+2,5 18,0+3,6 270,0+10,5 100,0£+19,6 19,0+2,3
Sandy (from Volgograd) 50,0+4,2 47,0+2,8 10,0£2,7 295,0+22,3 90,0+16,1 17,0£2,6

Solonetzic (from Achikulak) 54,0£1,8 67,01£0,4 25,0+3,4 215,0+17,3 135,0£10,5 21,0+1,6
N ote. PH — plant height, cm; CW —crown width, cm; NS — the number of shoots; DRP — depth of root pene-
tration, cm; HRS — horizontal root spreading, cm; NR1 — the number of roots of the 1st order.
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Fig. 2. Root system of Kochia prostrata (L.) Schrad. 5-year old plants on medium loamy gray soils::
1 — renewal buds, 2 — root neck, 3 — main root, 4 — lateral roots, 5 — root hairs (introduction
nursery, foothill desert zone, Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 2020).

There were differences in the structure of the root system between eco-
types. The K. prostrate rocky ecotype has a pronounced main root. In sandy eco-
types, root systems are quite powerful and deeply penetrating. However, at a depth
of 80-100 cm, their main root in size and development becomes similar to the
lateral roots of the 1st order. The root system of the K. prostrate solonetzic ecotype
is the weakest of all.



In the 5-year-old K. prostrate (rocky ecotype) plants, the roots penetrate
to a depth of 580 cm under the conditions of the Nishan steppe (Fig. 2). The
main root is vertically directed downward. The diameter of the root neck is 4 cm.
At a depth of 10 cm, a large root departs from the main root, going in a horizontal
direction. It does not go deep into the soil and branches strongly. The main root
deepens, while forming small bends and turns. At a depth of 50-75 cm, many
small and several large lateral roots appear on the main root. Small roots in these
layers end, and large ones go down. At a depth of 75 cm, the main root is notice-
ably thinned, at a depth of 120-125 cm, it branches strongly and forms many thin
roots directed downward. Up to a depth of 300 cm, large lateral roots carry a large
number of living thin roots. Most of the roots heading down at a depth of 400 cm
penetrate into the dense forest horizon, here they are greatly thinned, breaking up
into a large number of small ones, and in a layer of 450-470 cm from the surface,
they end, forming a dense network of root hairs. Only one root of the K. prostrate
plant passes through the sedimentary horizon and is buried in a loose medium
loamy layer at a depth of 580 cm.

In the morphology of the root system of K. prostrate, growing in the con-
ditions of the foothill desert (Nishan steppe), there are three clearly distinguishable
tiers. The first tier is ephemeral roots located in a layer of 0-25-30 cm, the second
tier is located at a depth of 120-150 cm in the zone of strong lateral branching of
the roots. The third tier is the zone of the end of the roots where they are strongly
branched and carry many sucking small roots.

Thus, the root system of the K. prostrata cultivated in the foothill desert
can be characterized as powerful and deeply penetrating, capable of utilizing water
and mineral resources from a large volume of soil and soil solution.

Aellenia subaphylla (S.A. Meu) Aellen (Chenopodiaceae family) is a peren-
nial haloxerophytic shrub with stems covered with light gray bark [19]. The plants
are strongly branched, with branches inclined mostly away from the stem, having
a light green color, sometimes with a bluish tinge. The plant height can reach 1.5-
2.0 m. The species is exceptionally polymorphic and found in various ecological
conditions of the arid zone. A distinctive feature of the Aellenia subaphylla is its
high drought resistance and ability to grow on saline soils. In the initial growth
phases, the root system develops vigorously and deepens into the soil (Table 3).

3. Growth and development of Aellenia subaphylla (C.A. Mey) Aellen in the 1st year
of life (n = 75, MESEM; introduction nursery, foothill desert zone, Nishan
steppe, Kashkadarya region, Republic of Uzbekistan, 2016)

Date and stage of development Seedling and plant Depth of root The number of roots
& P height, cm penetration, cm of the 1st order a

24.1V. Seadlings; seed leaves 2.0+0.2 21.0£2.0
30.V. Appearance of true leaves:

two 2.5+0.5 30.4%1.8 5.6+1.4

four (5.VI.) 6.410.4 36.0+4.3 7.4%1.1

six (13.VL.) 8.0+1.2 43.0£2.8 11.8£2.0

eight (20.VI.) 9.6%+1.6 46.0+3.3 12.8£1.5
5.VII. Branching begins 20.0+2.6 46.012.8 21.0£2.7
3.IX. Flowering begins 55.0t1.4 53.0£1.5 50.0£5.8
2.XII. Fruit formation 77.0£3.3 150.0£3.7 58.013.6

In the phase of cotyledon leaves, a plant height is 2.0+0.2 cm, the roots
deepen into the soil by 21.0+2.0 cm, at a height of 2.5+0.5 cm by 30.4%+1.8 cm,
at 8.0£1.2 cm by 43.0£2.8 cm. At the end of the growing season in the 1st year
of life (in the fruiting phase), the roots penetrate to a depth of 150.0+3.7 cm.

In May, we excavated the underground part of the A. subaphylla plant of
the 5th year of vegetation. The main root, which was 6 cm thick, goes vertically
down. At a depth of 12-15 cm, two powerful lateral roots, spreading apart, are



directed vertically downwards (Fig. 3). The main root at a depth of 37 cm is
divided into two roots. The latter, in turn, were divided into smaller ones several
more times as they went deeper into the soil. All the A. subaphylla roots of the 1st
order, with the exception of some small ones, have very few lateral branches in
the 0-140 cm layer, and only from a depth of 140 cm the number of lateral roots
increases. In all strongly compacted horizons, for example at a depth of 170-180
and 220-230 cm, there are loose layers with a thickness of 5-15 cm. The roots,
once in these layers, creep in a horizontal direction, moving away from the main
root to the sides (at a distance of up to 2 m or more). They have many branches
in the vertical direction, which, in turn, branch into many small roots. At a depth
of 300-320 cm, there are many living and dead root hairs on the roots. At a depth
of 500 cm in the soil, there are often empty or containing loose rocks cracks. The
roots, falling into them, form bundles of thin roots that fill these spaces. Below
600 cm there is a dense, as if cemented gravel horizon. The roots of A. subaphylla,
having reached this horizon, do not penetrate into it, but branching strongly, creep
over it, forming a dense network of small roots.

Haloxylon aphyllum (Minkw.) Iljin] (Chenopodiaceae family) is a leafless
shrub (or semi-tree) with a height of 3-4 m. The assimilating function belongs to
annually falling twigs, succulent halophyte [19]. The ability of the H. aphyllum to
successfully perform a full life cycle at high concentrations of salts in the soil is
largely realized due to transformation of lamellar leaves into cylindrical photosyn-
thetic organs, the layering of the epidermis and thickening of the cuticle. H. aphyl-
lum has broad ecological resistance to soil salinization, it grows on both sandy and
clay and gravelly soils with varying degrees of salinity. H. aphyllum withstands min-
eralization of groundwater up to 40 g/1. The root system is powerful, penetrating
deeply into the soil. It occurs mainly in areas with close groundwater occurrence,
but can also grow in automorphic conditions. The eaten parts of H. aphyllum
plants in the autumn-winter period are annual shoots, last year’s twigs, fruits. The
shoots contain 10-12% protein (fruits are up to 20% protein), 2.2-2.7% fat, 21.2-
38.6% ash substances, 39.3% nitrogen-free excretory substances, 14.9% fiber.

In the Ist year of life, the roots of the H. aphyllum plants at the beginning
of the growing season (25.1V.) penetrate to a depth of 29-36 cm and are 4-5 times
longer than the aboveground part. By the end of the growing season, they spread
to a depth of up to 235 cm, and in the horizontal direction up to 160 cm. In the
foothill desert (Nishan steppe) the H. aphyllum 5-year old plant forms a powerful
root system which deeply penetrates into the soil (Fig. 4). The main root at a
depth of 30-40 cm branches into three roots with a diameter of 8-10 cm, and at
a depth of 50 cm one of the roots divides, in turn, into three more parts. The soil
in the 0-75 cm layer is quite dense, then it becomes looser, and at a depth of 300-
360 cm it compacts again. When they reach the compacted horizon, the roots
branch out strongly and pass through cracks deep into the soil. At a depth of 400-
500 cm, there is a slight increase in soil moisture. Here, the structure of the soil
is layered. In these layers, the roots branch little, going deep into the soil. The
root system as a whole tends vertically downwards. At a depth of 800 cm, a very
dense layer with a thickness of 30 cm lies. In this layer, the roots thin out, flatten,
passing through a dense layer, take a rounded shape. From a depth of 860 cm, a
small-granulated layer begins, turning into a homogeneous sandy horizon. Here,
the soil is moist, a lump forms when compressed. At a depth of 1130-1200 cm,
the soil is sandy loam and very moist. Here the root branches strongly and forms
a large number of living white roots. At a depth of 1240 cm, the soil becomes very
moist, water droplets are exposed in the lumps when breaking. At this depth, salty
water has been accumulating for some time.
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Fig. 3. Root system of Aellenia subaphylla (C.A. Mey) Aellen 5-year old plants on medium loamy gray
soils:: 1 — renewal buds, 2 — root neck, 3 — main root, 4 — lateral roots, 5 — root hairs (introduction
nursery, foothill desert zone, Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 2020).

Thus, at the age of 5 years, H. aphyllum plants form a powerful root system
of a universal type, adapted to the use of atmospheric precipitation, condensation
moisture and groundwater.

Analyzing the results obtained, it should be noted that plants of different
life forms, in which we studied the peculiarities of the formation of root systems,
have different types of adaptive strategies according to the Ramensky-Grime clas-
sification. Haloxylon aphyllum, Aellenia subaphylla, Kochia prostrata, being “vio-
lents” according to L.G. Ramensky [28] or “competitors” according to J. Grime
[29], have a high competitive ability characterized by rapid growth, the ability to
capture and hold territory for a long time, suppressing the opponent, and fully use
the resources of the environment.

Salsola orientalis, according to the adaptive strategy, refers to tolerators.
Stress-tolerators [28, 29] are species that exist not due to high energy of vital
activity, but due to endurance under the influence of stressful environmental fac-
tors. Therefore, tolerant plants, depending on the growing conditions, are resistant
to low water availability, soil salinity or other unfavorable environmental factors.



The ability to restrict moisture use for transpiration plays an essential role in the
formation of the violents’ properties of Haloxylon aphyllum, Aellenia subaphylla,
Kochia prostrata and the tolweators’ properties of Salsola orientalis in the xerother-
mal conditions of the Central Asian desert. According to our data (4) obtained in
the Central Asian Karnabchul desert, in April, the average daily transpiration in-
tensity in Haloxylon aphyllum, Aellenia subaphylla, Salsola orientalis was 301.6-
492.0 mg/h. Under the same conditions, salt-loving Aremisia halophile Krasch., a
typical representative of the desert flora consumes 2 times more water for transpi-
ration, 957.7 mg/h..
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Fig. 4. Root system of Haloxylon aphyllum (Minkw.) Iljin 5-year old plants on medium loamy gray
soils:: 1 — renewal buds, 2 — root neck, 3 — main root, 4 — lateral roots, 5 — root hairs (introduction
nursery, foothill desert zone, Nishan steppe, Kashkadarya region, Republic of Uzbekistan, 2020).

Thus, our data and the results of other researchers confirm the position
that forage shrubs (Haloxylon aphyllum, Aellenia subaphylla) and semi-shrub hal-
ophytes (Kochia prostrata (L.) Schrad., Salsola orientalis ) are characterized by
economical consumption of water for transpiration. During the long-term evo-
lution of plants from true mesophytes to xerogalophytes, a profound adaptive



transformation of their morphology occurred, which was primarily expressed in
the reduction of producing organs [30]. As a result, in the Kochia prostrata and
Aellenia subaphylla species, the lamellar leaves turned into small pubescent leaves,
and in the Salsola orientalis and Haloxylon aphyllum species, the leaves turned into
cylindrical assimilating succulent fleshy leaves with a multilayer cuticle [31], which
reduces the evaporation surface and the intensity of transpiration [20].

In the formation of various types of adaptive strategies during evolution
under the xerothermal conditions of the Central Asian desert, along with the
development of haloxerophilized properties of photosynthetic organs, the ability
to form a rapidly growing and deeply penetrating root system played an im-
portant role in forage shrubs and semi-shrubs. The results obtained by us (see
Fig. 1-4) show that under moisture deficiency, excessively high temperature and
dry air, Salsola orientalis, Kochia prostrata (semi-shrubs), Haloxylon aphyllum and
Aellenia subaphylla (shrubs) are able to maintain normal hydration of tissues [4]
due to increased water absorption by roots [32]. It follows that the ability of
plants to continuously absorb water is associated with the activation of the
growth of their roots [10]. It turned out that the lack of soil moisture causes
increased root growth, thereby increasing the possibility of water absorption [33].
Thus, the ability of the roots to continuously grow plays a decisive role in adapt-
ing to water scarcity, since thanks to this the plant receives water in the required
amount [34].

The data obtained show that Salsola orientalis, Kochia prostrata, Haloxylon
aphyllum and Aellenia subaphylla have a high growth rate of the root system which
penetrates deeply into the soil. In the Ist year of life, the depth of the root system
of these semi-shrubs and shrubs is more than 4-5 times higher than the height of
their aboveground part. The fast-growing and deeply penetrating roots of semi-
shrub and shrub halophytes ensures their successful functioning in the harsh con-
ditions of the Central Asian desert and allows them to survive a long dry summer
period. We found that the roots of semi-shrubs and shrubs during growth and
development penetrate through very dense layers of soil, comparable in density to
concrete. The scientific literature discusses the ability of plants to penetrate dense
layers of soil. It is associated with the structural features of the root tip which
provides overcoming the resistance of dense dry soils. It is assumed that one of
the mechanisms of this may be the formation of root hairs that act as an anchor
when the root moves through dry dense soil layers [35]. Water transport along the
phloem to the root tip can play an important role in maintaining continuous root
growth in dense dry soil layers. Its role was established using three-dimensional
modeling of water distribution depending on the location of phloem endings [36].

V.G. Onipchenko [37] described the phenomenon of the so-called hy-
draulic lift, when a plant is able not only to lift water by its roots, but also to
release it into drier soil horizons. The phenomenon of hydraulic lift is widespread
in arid regions [38]. In desert conditions, plants with their roots penetrating deeply
into the soil raise water into the surface layers, where plants with a shallow root
system can use this water. Similar results were obtained in other studies in the
forests of Acer saccharum Marshall where plants of the lower tiers received water
due to a hydraulic lift provided by maple. It is shown that during the night an
adult sugar maple tree can pump about 100 1 of water from the lower soil horizons
to the upper ones [39]. One tree of the umbrella acacia Acacia tortilis (Forssk.)
Hayne in Africa raises from 70 to 235 1 of water per night [40]. Currently, more
than 90 plant species with this ability have been described [41, 42].

Hydraulic lifting is the passive movement of water from the roots into the



soil layers with a lower water potential, while other parts of the root system in the
wetter soil layers, usually at depth, absorb water [43, 44]. Hydraulic redistribution
ensures the passive movement of water between different parts of the soil through
the root systems of plants, caused by gradients of water potential at the soil—plant
interface. Hydraulic redistribution can have important consequences on a com-
munity scale, affecting net primary productivity, as well as the dynamics of water
reserves and growth development. On a global scale, it can affect hydrological and
biogeochemical cycles and, ultimately, the climate. The results obtained by com-
paring the features of the formation of the root system of shrubs and semi-shrubs
give reason to assume that Salsola orientalis, Kochia prostrata, Haloxylon aphyllum
and Aellenia subaphylla are capable of performing the function of a hydraulic lift
due to the formation of a root system that penetrates deeply into the soil. The
release of water in the soil due to a hydraulic lift ensures better absorption of
mineral nutrition elements by plants from the upper dry soil horizons and in-
creased activity of soil microorganisms [37].

The importance of the root systems of halophytes for their resistance to
salinization has been revealed. The ability of plants to tolerate a saline environment
is determined by a variety of physiological and biochemical processes that con-
tribute to the retention and/or absorption of water, protect the functions of chlo-
roplasts and maintain ion homeostasis. Halophytes synthesize osmotically active
metabolites, specific proteins and certain enzymes that capture free radicals . Many
halophytes accumulate methylated metabolites which play a crucial role as osmo-
protectors and neutralize free radicals [45].

The variety of microorganisms associated with the roots of halophyte
plants is enormous. This complex microbial community, which is called the sec-
ond genome of a plant, is crucial for its stress resistance. Plants are able to form
their own rhizospheric microbiome, as evidenced by the fact that different species
of plants are hosts of certain microbial communities on the same soil [46].

Recent studies have shown that the use of rhizobacteria halophytes has a
beneficial effect on the growth of agricultural plants and increases their yield. Five
salt-resistant bacteria were isolated from the roots of the halophyte Arthrocnemum
indicum. Under conditions of salt stress, inoculated peanut seedlings maintained
ionic homeostasis, accumulated less reactive oxygen species, and showed enhanced
growth compared to non-inoculated seedlings [47]. Inoculation with the rhizo-
spheric bacterium Azospirillum brasilense NH, originally isolated from saline soil
in northern Algeria, significantly increased the growth of durum wheat (Triticum
durum var. waha) under saline soil conditions. In inoculated plants, the germina-
tion rate, stem height, ear length, dry weight of roots and shoots, chlorophyll a
and b content, 1000 seed weight, the number of seeds per ear and seed weight
were significantly higher than in non-inoculated plants [48].

Halotolerant bacteria are able to adapt to the increased salinity of the
environment and maintain normal functioning thanks to effective osmoregulatory
mechanisms. Rhizobacteria of halophytes stimulate the growth of plant roots at
high salinity by the synthesis of indoleacetic acid, gibberellins, cytokinins, abscisic
acid, solubilization of insoluble phosphate, synthesis of 1-aminocyclopropane-1-
carboxylate deaminase (ACC-deaminase), which reduces the ethylene content in
plants during salt stress [49].

So, forage halophytic Kochia prostrata, Salsola orientalis (semi-shrubs),
and Haloxylon aphyllum, Aellenia subaphylla (shrubs) when grown in xerothermal
conditions, form powerful root systems that penetrate deep into the soil. In the
first years of life, the roots deepen to 200-295 cm. On the light gray soils of the
Central Asian foothill desert zone (Nishan steppe), at the plant age of 5 years, the



roots penetrate to the depth from 500-600 cm for Salsola orientalis, Kochia pros-
trata, and Aellenia subaphylla up to 1200 cm (that is, 2 times deeper) for Haloxylon
aphyllum. These crops form root systems of a universal type adapted to the use of
atmospheric precipitation, condensation moisture and shallow groundwater. Plants
are characterized by rapid growth and development of root systems. In the 1st year
of life roots are 4-4.5 times longer than the aboveground part, at the age of 5 years
6 times longer. This ensures the absorption of water in the amount necessary for
the plant despite the moisture deficiency and drought. The depth of root penetra-
tion in plants of different life forms (i.e., shrubs, and semi-shrubs) is strongly
influenced by the water-physical properties of the edaphic environment. With a
constant lack of soil moisture, the root system continuously tends to deepen,
breaking through dense, “cemented” soil layers. We believe that semi-shrub and
shrub halophytes have the function of a so-called hydraulic lift when the plant is
able not only to lift water by its roots, but also to release it into drier soil horizons.
In the conditions of the Central Asian desert, forage semi-shrubs (Kochia prostrata,
Salsola orientalis) and shrubs (Haloxylon aphyllum, Aellenia subaphylla) with fast-
growing and deeply penetrating roots raise water into the surface soil layers where
plants with a shallow root system can use it.
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