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ABSTRACT 

Until the 1980s, root studies were typically conducted in nutrient solution, because of the technical difficulties of 
studying roots in their natural environment, soil. Recent innovations and the realization that there are gaps between the 
expected and actual performance of plant root systems have emphasized the need for more realistic solutions. This re- 
view analyzes the study of plant roots in view of developments in soil science, microbiology, botany and plant physiol- 
ogy, and recently the introduction of molecular biology and computerized imaging. 
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1. Introduction 

1.1. General 

Waisel et al. [1] added to the main title of their book, 
“Plant Roots”, a sub-title: “The Hidden Half”. This addi- 
tion expressed their view that plant roots are poorly un- 
derstood: while the aboveground parts of plants were 
studied thoroughly for several centuries [2], studies of 
roots grown in soil are still well behind. This review 
summarizes and provides perspectives on the present 
state of root studies. 

1.2. Evolution and Development of Plant Roots 

Life on Earth was apparently initiated in water where het- 
erotrophic, and than autotrophic life forms were evolved 
[2]. Following the logic of Dawkins [3], the struggle for 
self-reproduction of genes, and further of genotypes and 
populations, forced them to explore new habitats to ex- 
pand their presence in space and survival in time. Such 
expansion had to be associated with adaptations to new 
external conditions, and was involved with both physio- 
logical and morphological adaptations. As a result, the 
evolution of different organs occurred, involving compe- 
tition with one another for resources while using the 
products of one another in order to function better as a 
whole. Organs and tissues evolved, specialized in differ- 
ent functions, like absorbing light by broad and thin 
leaves to produce sugars and other photosynthetic prod- 
ucts, translocation by phloem and xylem vessels, storage 
capacities in tissues and organs for times of need, repro- 
duction organs etc., all in the same organism, with con- 
trol and coordination between the different sources and 

sinks, to achieve the best mutual performance. 
As long as life occurred in water, the exchange of 

gases and solutes via all surfaces was fast and sufficient. 
The need to develop tissues and organs that are special- 
ized in absorbance and release of those substances was 
not crucial for the very existence of organisms. At those 
early evolutionary stages, roots basically served as means 
to physically anchor the plant structure. The primary 
functions of roots of terrestrial plants, water and nutrient 
acquisition, were not essential under such conditions. 
Although some aquatic plants do have roots, these may 
relics of previous adaptations to life outside water [4,5]: 
Members of the floating angiosperm Lemna spp. have 
roots with xylem, but without vessels. Some aquatic 
plants have roots with suberized Casparian strips, indi- 
cating a different genetic background of terrestrial plants 
that re-adapted to live in water. 

The ability of plants to live on land required major 
revolutionary changes: to start with, plants had to de- 
velop means to avoid water losses out of their tissues. 
Means like cuticle covers on the broad leaves, with sto- 
mata to enable gas exchange while controlling water 
losses are evident in all terrestrial plants, with advanced 
sophistication in those plants adapted to live and survive 
in extremely dry and arid habitats. Looking at the global 
distribution of plant families and species, the mosses, 
with non-sophisticated stomata, are abundant in cold and 
humid climates, while those of arid and hot climates 
possess thick cuticles, hairy leaves with stomata pro- 
tected in depressions covered by hairs, succulent leaves 
and other water storage means. Many species and fami- 
lies of this group use the more water efficient C-4 rather 
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than C-3 photosynthesis, or CAM (Crassulacean Acid 
Metabolism) photosynthesis to minimize exposure to 
drought [6,7]. Phenology adapted to the change in sea- 
sons, to match the active phases to periods when liquid 
water is available while avoiding freezing or dry periods. 
As a rule, plants that live in water are more universally 
dispersed than dry-land species: Common Reed, Phrag- 
mites australis, and Water Lily, Nymphaea sp., continu- 
ously invade highly diverse wetlands throughout the 
world [8,9].  

Provision of water and nutrients to plants under terres- 
trial conditions depends on resources supplied by the soil 
(except epiphytes, that live detached from the soil, but 
restricted to humid conditions). The organ that evolved to 
provide this essential link with the soil is the root. Unlike 
life in water, roots of terrestrial plants had to adapt to a 
wide range of soil hydration levels. Less is known about 
the drought adaptations of roots than of shoots, simply 
because shoots are more accessible. That is, although 
early studies already pointed out inherent gaps in our 
knowledge on the root-soil system: As soil dries, its 
volume must be reduced. Also, there might occur shrin- 
kage of roots when exposed to a drying soil [10]. Based 
on these facts, Taylor and Klepper [11] concluded that, 
under drying soil conditions, soil water flow to the root 
surface should drop with soil moisture decrease, since a 
gap between the soil and the root surface should develop 
due to both root and soil shrinkage [12]. In fact, the 
change in water flow to roots grown in drying soils does 
not indicate the occurrence of such a gap (often referred 
to as the Klepper-Taylor paradox). Furthermore, meas- 
urements made by P.S. Nobel on water uptake by desert 
plants, resulted in a relatively small drop in water flux to 
roots under drying soil conditions, although the roots 
shrank under water deficit [13,14]. Also, relatively little 
water was lost from the root as a flow-back to the drying 
soil, as water potential gradient apparently should cause. 
They also showed that certain desert plants can fill the 
gap formed due to the root shrinkage by root gel-like 
exudates, so a continuation of the soil-root system was 
maintained, as was supported by McCully [15]. Recently, 
Carminati et al., [16] used neutron radiography to meas- 
ure water content in the soil at the very proximity of the 
root surface. This study indicated that changes in the soil 
properties around roots, apparently due to exuded muci- 
lage, that affected the hydraulic properties of the soil on 
drying or wetting processes by changing the soil water 
retention characteristics differently on drying or wetting 
(and accordingly its hydraulic conductivity), a phenome- 
non known as hysteresis (i.e., affected by the change 
direction). These changes moderated the drop of mois- 
ture around the root in a drying soil. It took about 40 
years to cover the gap in our understanding of how plant 
roots are adapted to live in a drying soil. 

2. Studies of Root Function 

Studies of root function followed studies of root anatomy 
and morphology, primarily employing plants grown in 
nutrient solutions [17]. Studies of roots grown in soil 
were generally crude and indirect by comparison [18]. 
The concern arises that roots grown out of the soil be- 
have and function abnormally. 

2.1. The Single-Root Models 

An example to the above dilemma is presented in the 
widely used single-root Barber-Cushman [19] model1. 
The model treats the system as two concentric cylinders, 
where the inner is the root (with constant radius, and no 
extensions like branching, lateral roots, root hairs or 
mycorrhizal hypha), whose center is the spatial reference 
to the soil-root system, with radial orientation [20]. The 
soil, (assumed homogeneous and isomorphic, with con- 
stant moisture content) forms an external cylinder around 
the root, also with a constant radius. Movement of water 
and solutes in the soil system is radial to the root only, by 
mass-flow and diffusion, following Nye and Marriott 
[21]. Water flow, controlled by the transpiration demand 
(assumed constant with time), obeys the radial geometry 
of the system and mass conservation. Nutrient uptake 
rate is a function of concentration of the ion in question 
in the soil solution at the root surface, assuming that up- 
take occurs from a solution only, without interaction with 
other solutes. Updates to this basic feature by other au- 
thors include moving boundaries, either the inner (root 
radius) or external (the rhizosphere extent) to account for 
root growth with time and consequent increase in root 
density, and changes of hierarchy in a root system2. 

2.2. Water and Ion Radial Flow to Roots 

The combined flow of water and ions in the soil by 
mass-flow (convection) and diffusion was studied by soil 
scientists since the 1940s. A major contribution to these 
studies was provided by P. H. Nye and co-workers [22], 
with a special treatment of the radial flow to roots [21]. 
Uptake kinetics by plant roots was studied in solutions 
[17]. To put all these components together, Barber and 
Cushman [19] assume that the flow rate from the soil 
(that obeys the rules of flow in porous media) and the 
flux into the root surfaces (a function of the nutrient 
concentration) should match to maintain mass conserva- 
tion. To do this, the model assumes the occurrence of a 
dummy compartment between the soil and the root sur- 

1Although there are several other similar models, they all share the 
same concepts. 
2In fact, Cushman provided solutions to two cases: one is the constant 
outer boundary as discussed. The other is a boundary that extends with 
the depletion of ion’s concentration in the soil due to uptake by the 
root, as a function of the diffusion coefficient and time. 
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face (the interface compartment), where the two flows 
serve as input (from the soil) and output (into the root 
surface). Since Uptake rate initiates the flow from the 
soil into that compartment, it should be merely a mathe- 
matical problem; it appeared that this was a critical point, 
not simple at all: 

As the two mechanisms are of different nature, this 
solution works in relatively low concentrations, where 
the uptake mechanism is governed by the concentration 
[17] while the major flow in the soil is due to diffusion. 
This assumption was needed, as the flow in the soil 
changes linearly with time and distance (from one point 
to the other, by Fick’s law and continuity), but influx to 
the root as a function of concentration has the nature of a 
saturation function (although with more advanced mathe- 
matical techniques, modern models overcame this limita- 
tion). Cushman’s original model was, therefore, limited 
to low concentrations, where linearization of the flow 
was an essential assumption, as specified by the title of 
his paper [20]. Without this condition, the solution would 
be unstable. The justification to this condition was that 
the concentration in the soil solution at the root should 
drop with time anyway, due to uptake by the root, as no 
nutrient would be added to the soil system (depletion 
only). 

2.3. The External Boundary 

Soil conditions at the external boundary, which stands for 
the rhizosphere radial extension, also need a solution. In 
the Barber-Cushman model, the extent of the soil com- 
partment is constant, and no solute flow is allowed 
through that boundary (water flow is not limited). This 
means that, in a root system that grows with time, the 
explored soil volume should extend too with time, which 
is not always the case. Also, the addition of nutrients by 
fertilization is a common agricultural practice. As a result, 
the model works reasonably well in plants grown in pots, 
where the root system was rather uniformly distributed, 
but not so well when applied to field conditions [23]. 
Models that accounted for changes in root density did not 
entirely solve the low predictability of those of constant 
borders [24]. 

2.4. One Nutrient at a Time? 

No interactions between the nutrients/ions were allowed: 
each nutrient was treated as the only substance absorbed 
by the root. This condition never occurs in reality, since 
plants take up a mixture of nutrients, and the soil solution 
is basically a variety of solutes in water. It is abnormal 
therefore (even impossible) for a root to grow in a single 
ionic environment. Ions are always accompanied by their 
contra-species, to maintain electro-neutrality. Plants fed 
with -N cause the pH of growth medium to rise, as 

plants require nitrogen in larger molar quantities than the 
other mineral nutrients; the opposite would happen when 
the dominant N form is 4  [25]. Roots must be sup- 
plied with calcium to grow and function normally (the 
Viets’ effect’, after Viets [26]. It appeared that one of the 
fundamental functions of Ca2+, in addition to others, is to 
bind the plant cell-wall PGA (PolyGalacturonic Acid) 
units, which enables cell-wall extension and consequent 
root growth [27,28]. Balance between Ca and Al, Na and 
K concentrations affects root growth and development. 
These are examples of common behavior of the soil-root 
system that is not accounted by the Barber-Cushman 
model, since it cannot handle uptake of more than one 
nutrient at a time. 

3NO

NH

3. Root and Soil Relations 

3.1. The Soil-Root Interface 

The way the Barber-Cushman model handles the flow 
from the bulk soil to the root surface is also a question: 
Roots are surrounded by their exudates, originated either 
by the disintegration of the root cap during their penetra- 
tion into the soil, and by exudates that are actively re- 
leased by the vital root surfaces [15]. These exudates 
change the chemical and microbiological nature of the 
soil at the root surface, but also the physical properties of 
water movement and retention characteristics of the 
rhizosphere [29]. At least some of the discrepancies be- 
tween nutrient uptake simulated by the single-root mod- 
els and those actually observed in plants are believed to 
be due to this fault, as in the case of P [23] and Mn [30]. 

3.2. Roots as Systems 

Most the above studies were carried out assuming that 
the local soil-root interaction may be integrated in the 
whole soil-root system, and this will provide the ‘‘true’’ 
behavior and functioning of the entire system. The ra- 
tionale behind the single-root models was that roots 
within the system do not affect each other, so the soil- 
root system may be lumped into a concentric set of cyl- 
inders. This view appears to be inaccurate and even mis- 
leading: roots of different parts of the system do affect 
each other. Even without accounting for biological or 
chemical interaction between the root and the soil, but 
with a series of simple assumptions of branching, Roose 
and Fowler [31] showed that the calculated P uptake was 
substantially higher than what was predicted by the sin- 
gle-root Barber-Cushman model. They also showed that 
the change was due to a more intensive foraging of the 
soil exposed to the roots. The solution lies therefore in 
using the realistic structure of the root system, with its 
systematic branching and different root hierarchies. It 
appeared that only the inability to cope with the complex 
structure and the low power of computers at the time  
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apparently caused this inappropriate handling of the sys- 
tem. As a result, the soil-root system is not regarded 
anymore in the recent models as a “homogeneous-iso- 
tropic growth medium, where roots are randomly dis- 
persed”, but as a root system controlled by its genes, with 
a wide capability to react to environmental (i.e., physical, 
chemical or biological) changes [32]. The result is the 
introduction of studies on root architecture as a tool to 
quantify uptake by plants. The link between the genotype 
and the structure and function of the root system is of 
major topics in modern plant studies. Advances in the 
molecular studies also contributed to this line of studies 
[33,34]. Yet, the expression of the genotype in response 
to environmental conditions is still behind. Also, shifting 
from one growth phase to another (like vegetative and 
reproductive) is still not satisfactorily accounted for, also 
changes between seasons, which are inherent characteris- 
tics of perennial plant growth. 

3.3. Root Interactions with Their Biological  
Environment 

Interactions of roots with their biological environment, 
both micro- and macro-organisms, was a subject to many 
studies. It was demonstrated by several studies that the 
root and its bacterial associates act as a functional unit: 
The roots exude substances on which the bacteria are fed 
[35]. They, on their part, release and decompose materi- 
als that otherwise are unavailable to the root. Yet, the 
study of such a system is inherently problematic: Micro- 
biologists have to isolate the target bacteria and grow 
them under lab conditions, since growing such a culture 
under natural conditions is impossible using their meth- 
odologies [36,37]: Isolation would cause interferences, 
since the system by nature is located at the soil-root in- 
terface. A similar obstacle lies in studying root-my- 
corrhizal relationships, although many studies were ob- 
tained from intact tree roots exposed and treated in situ 
[38]. The role of mycorrhizal fungi in the soil-plant in- 
terrelationships is far from being clear, and still needs 
further studies [39]. 

4. Conclusion 

Root study, which was way behind the other plant sci- 
ences, was changed during the second half of the 20th 
century, but has accelerated since that time [40,41]. It 
was not only the technological innovations that enabled 
this trend; it is mainly the notion that there is a missing 
gap in plant studies, and in life sciences in general, that is 
incomplete without this link. The evolution of plant ad- 
aptation to live on earth is incomplete without our under- 
standing of how plants adapted to live on earth, out of 
water. Traditionally, scientists ignored this lack of know- 
ledge by using bypasses: growing plants in solutions, in 

aeropoics, and assuming that the equation [soil sciences 
without plant roots + plants grown without soil] will pro-
vide a genuine [sum of the complete system of plants 
grown in soil]. Eventually, reality showed that this is not 
the case, but merely an illusion. It is time to get into our 
mind that our methodologies were incomplete and to 
develop methods of studying plants grown in their natu- 
ral growth medium. How to do it—that will be the chal- 
lenge of our generation, and of the generations to come. 
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