Chapter 2
Waterlogging and Plant Nutrient Uptake

J. Theo M. Elzenga and Hans van Veen

Abstract Waterlogging affects several parameters that determine nutrient uptake
from the soil by the roots. We checked systematically, for all the relevant para-
meters in the nutrient uptake model by Silberbush and Barber (Plant Soil 74:93—
100, 1983), how waterlogging changes the magnitude of the parameter, changes
that can be both positive and negative for nutrient uptake. If negative effects can be
expected we also describe possible specific adaptive responses that could counter
the negative effects on these parameters, of plants exposed to waterlogging. We
conclude that although most flooding-tolerant species use a hypoxia-avoidance
strategy (i.e. increase the supply of oxygen to the root tissue), increasing root
length, facilitating infection by mycorrhizal fungi and modification of uptake
kinetics could be used by plants to ameliorate the negative effect of flooding on
nutrient uptake.

2.1 Introduction

Waterlogging occurs when the rate of infiltration of precipitation exceeds the
combined rates of drainage and evaporation of a catchment or when floodwater
submerges an area. Waterlogging has a dramatic impact on gas exchange and soil
properties (Greenway and Gibbs 2003). Most plants are affected in a negative
way by flooded conditions. Shoot and root nutrient content decreases (Ashraf and
Rehman 1999; Khabaz-Saberi et al. 2006; Kuiper et al. 1994; Pang et al. 2007a)
and carbon assimilation and transpiration are greatly reduced. (Ashraf and
Rehman 1999; Kronzucker et al. 1998; Pezeshki 2001). When the ambient
oxygen concentration is increased most of the effects of waterlogging are reduced
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(Kronzucker et al. 1998). Together with the observation that the effects of water-
logging can be reversed by supplying additional nutrients in the form of foliar
sprays (Pang et al. 2007a) or ameliorated by application of nitrogen (Arnon 1937;
Drew 1988), this suggests that hypoxia leads to severely reduced root functioning
and nutrient uptake. The reduced nutrient uptake can be explained by changes that
occur at a metabolic and cellular level. These effects are not only important from a
fundamental perspective, but also have great relevance to agricultural.

Diffusion of gasses is 10,000 times slower in water than in air and thus in
waterlogged soils gas exchange is severely impeded, which leads to a depletion
of oxygen and an accumulation of carbon dioxide due to microbial and root
respiration. Oxygen levels might drop within hours below the critical oxygen
concentration (COC), a level at which the cell shifts from aerobic respiration to
glycolysis. The efficiency of the glycolysis in generating ATP is much reduced
compared to the aerobic mitochondrial respiration processes: 2 ATP/glucose versus
~38 ATP/glucose, respectively (Jackson and Ricard 2003; Huang et al. 2008). Upon
oxygen depletion, some plant species respond by inducing pyruvate carboxylase
and alcohol dehydrogenase and increase the rate of glycolysis (Summers et al.
2000; Dolferus et al. 2008). By accelerating glycolysis, plant cells produce at most
37% of the ATP produced under oxygen-sufficient conditions (Greenway and
Gibbs 2003). Evidence is also being presented that under anoxic stress part of the
metabolic processes shift from ATP as the energy source, to PPi during glycolysis
(Huang et al. 2008). The reduction in ATP availability has strong repercussions for
root development, root nutrient uptake and root maintenance.

One of the best-studied adaptations of plants to flooding conditions is the
formation of aerenchymatic tissue in the root, which provides an alternative path-
way for the supply of oxygen to the root tissue (Jackson and Armstrong 1999;
Gibberd et al. 2001; Rubinigg et al. 2002). This requires that new, well-adapted,
adventitious roots are formed (Visser et al. 1996). Radial oxygen loss is kept to a
minimum so that the root tip becomes a well-oxygenated micro-climate (Jackson
and Armstrong 1999). Most of the disadvantages for root metabolism imposed by
the flooding-induced hypoxic conditions are thereby ameliorated. Plants that are not
capable of increasing the oxygen supply through aerenchymous conducts in the root
do face a more serious challenge.

In this review, we consider the effect of hypoxia and waterlogging on the
nutrient supply of to the plant assuming that the respiration in the root tissue is
seriously impaired and that the rhizosphere, the soil immediately surrounding
the root is chemically reduced. The delivery of nutrient to the root surface is
by either a) interception, the “bumping” of the growing root against the nutrient,
b) mass flow, the transport to the root surface by the movement of water in the
soil driven by processes such as percolation, transpiration and evaporation), and
c) diffusion, the movement of a nutrient along a concentration gradient, which is
often created by depletion of the nutrient by the root in the volume of soil in close
proximity to the root surface. The rate of nutrient uptake depends on various
anatomical, physiological, biochemical, chemical and physical processes in the
root and the surrounding soil layer. For this chapter, we have adapted the analysis
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by Silberbush and Barber (1983, reprinted in Clarkson1985) of the relative effect of
changes in the parameters in ion transport and uptake, as a guideline for our
analysis. Fig. 2.1 is a graphical representation of this analysis. The parameters
that were considered by Silberbush and Barber are:

K Root elongation rate
o Root diameter
T Inter-root spacing
Cy Initial nutrient concentration
D. Diffusion coefficient
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ki Affinity constant of nutrient uptake system
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Vo Transpiration rate (bulk water flow)
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Fig. 2.1 Effects of changing the values of model parameters used for predicting phosphorus
uptake by bean plants. It should be noted that the model sensitivity for changes in the parameters
are could be strongly affected when the combination of starting values are chosen differently.
The standard situation (change ratio = 1) is characterized by a rather high nutrient concentration
and a wide spacing of competing roots. k: root elongation rate, r,,: root diameter, Cy;: initial nutrient
concentration, D,: diffusion coefficient, b: buffering strength, k,,: affinity constant of nutrient
uptake system, /;,,x: maximal nutrient uptake rate, C;,: minimal nutrient concentration that can
be taken up from the medium, V,: transpiration rate (bulk water flow), r;: inter-root spacing. (After
Silberbush and Barber 1983 as reprinted in Clarkson 1985)
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The parameters k, r, and r; determine the general architecture of the root system
and are essential for the “foraging capacity” of the plant. Foraging by the roots not
only involves the utilization of mineral nutrients in the soil, but also applies to the
uptake of water. The root system architecture together with the transpiration rate
(bulk water flow), V,,, and the initial nutrient concentration, Cy;, affects the effect of
nutrient transport by mass flow. The diffusion coefficient and the buffering strength
determine the diffusion of nutrients to the root surface. At the root surface, the
uptake system of the plant, consisting of the transporter proteins in the plasma
membrane that have specific properties with regard to maximal capacity, Iax,
affinity, k,,, and minimal nutrient concentration that can be taken up from the
medium, Cy;y, finally determines how efficiently the nutrients present at the plasma
membrane of the root cortical cells are absorbed. In this chapter, we review our
current knowledge how waterlogging affects the different parameters of the Silber-
bush and Barber analysis, and how plants can respond to these changes and in turn
can modify these parameters by physiological, morphological or biochemical
changes.

2.2 Effects of Hypoxia on Nutrient Uptake

2.2.1 Physiological Effects of Hypoxia Change Root Elongation
Rate, k, and Maximal Nutrient Uptake Rate, I .«

One of the immediate effects of flooding and hypoxia on the root physiology is the
almost instantaneous arrest of root growth (e.g. Gibbs et al. 1998). The shift from
aerobic respiration in the mitochondria to glycolytic generation of ATP does
impose a serious reduction of available energy for the maintenance, growth and
ion uptake. Although the specific allocation of respiratory cost to these different
functions has not received much attention and different studies have yielded
somewhat different figures, the consensus opinion is that about 20 to 45% of
respiration is involved in growth (Veen 1981; Van der Werf et al. 1988; Poorter
et al. 1991; Scheurwater et al. 1998; Scheurwater et al. 1999). Matching energy
expenditure to energy generation would therefore demand that the investment of the
plant in new root tissue is reduced. Root growth arrest could, however, also be the
result of the accumulation of products of anaerobic metabolism. Self-poisoning
could occur when protons accumulate in the cytoplasm and the vacuole and lead to
a lethal drop in pH in the cytoplasm (Gerendas and Ratcliffe 2002). In Phragmites
australis low molecular weight, volatile, monocarboxylic acids, like acetic acid,
propionic acid, butyric acid and caproic acid, and sulphide, at concentration
levels that have been measured in situ, arrested root elongation (Armstrong and
Armstrong 2001). Specifically the application of a combination of these compounds
was very effective and induced all the symptoms that are associated with root
die-back. Sulphide, although it also can be used by the plant as sulphur source for
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the synthesis of cysteine and methionine, can act as a phytotoxin. In reduced soils
the increased availability of ferrous iron and zinc can lead to accumulation in the
plant to toxic levels (Pezeshki 2001).

In the analysis by Silberbush and Barber (1983), reduction of new root formation
has a strong negative impact on potential nutrient uptake by reducing the intercep-
tion of nutrients. The rate of root elongation, &, is one of the most important
parameters determining the nutrient uptake rate. In more recent modelling excer-
cises aimed at identifying important parameters for nutrient uptake, the foraging
capacity, in which the elongation rate is an important factor, proved to be among the
most essential properties of the root (e.g. Dunbabin 2006).

Controlled pot experiments have demonstrated that nutrient uptake is not only
reduced through limited root growth, but that the uptake is also reduced on a per
weight basis (Wiengweera and Greenway 2004; Kuiper et al. 1994). The allocation
of respiratory cost to ion uptake is about 50 to 70% (Veen 1981; Van der Werf et al.
1988; Poorter et al. 1991; Scheurwater et al. 1998, 1999). Hypoxia can lead to a
strong reduction in the adenylate energy charge (e.g. de Boer 1985; Sieber and
Brandle 1991; Nabben 2001; De Simone et al. 2002). Reduction of the AEC can
lead to a loss of the nutrient uptake capacity by limiting the supply of ATP to the
plasma membrane proton pumping ATPase (de Boer 1985). As a consequence
the membrane potential will become less negative and the proton gradient across
the membrane will become less steep. Membrane potential and proton gradient
form together the proton motive force, which is used to drive the uptake of most
nutrients through symporters. It is indeed observed that upon anoxia the cytoplasmic
pH drops from 7.4 to 6.9—7.1 and the plasma membrane becomes depolarized
(Menegus et al. 1991; Xia and Roberts 1994). However, the possible causes for
these effects are still under debate. Acidification could either be a negative by-
product of glycolysis, lactic acid and high CO, accumulation, or be an adaptive
change to optimize ethanol fermentation for energy production (Felle 2005). How-
ever, the high costs associated with lactic acid removal and the speed of the
response suggests this is an adaptive response to switch to ethanol fermentation
as soon as possible. But many adaptive traits to mitigate low pH are also up-
regulated suggesting the opposite (Aurisano et al. 1995; Xia and Roberts 1994).

The depolarisation of the plasma membrane can also cause leakage of K™ out of
the cell by activating K* channels. In aged beet root disks the inhibition by 55% of
Cl™ and K" uptake correlated, and was probably caused, by a decrease of the ATP
concentration by 80% (Petraglia and Poole 1980). If lack of ATP supply to the
plasma membrane ATPase is the cause of the reduction in nutrient acquisition, then
nutrient uptake should be (partially) restored by stimulating ethanol fermentation
by providing sufficient substrate. This mechanism has indeed been shown to
function (Huang et al. 2008; Summers et al. 2000). However, several studies
have shown that the anoxia-induced inhibition of nutrient uptake does not correlate
with a reduction in the adenylate energy charge (Ishizawa et al. 1999) or with
insufficient proton motive force (Zhang and Greenway 1995). These latter results
indicate that inhibition of ion uptake is the result of down-regulation of transport
systems. Although this down-regulation of the transport activity is not a direct,
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thermodynamic effect of the reduced synthesis of ATP, it is very likely that the
down-regulation of transporter systems is part of the “energy saving” strategy of
the plant, enabling the diversion of energy to even more essential processes like the
regulation of cytoplasmic pH. A third possibility is provided by the results of Pang
et al. (2007b) that show, that under oxygen-sufficient conditions the fermentation
products of soil microbes under aerated conditions can mimic the effect of anoxia:
membrane depolarisation and reduction of ion uptake.

2.2.2 Waterlogging Leads to Changes in the Availability, Cy;,
and the Effective Diffusion Coefficient, D., of Some
of the Nutrients in the Soil

As oxygen is depleted soil microbes switch from using O, as an electron acceptor to
NO;~, Fe** and Mn** leading to highly reduced conditions. Under severe water-
logging, SO4*~ and CO, are also used in respiration (Gambrell and Patrick 1978,
Madigan et al. 2003; Tiedje et al. 1984). More reduced conditions can lead to a
lower availability of some plant nutrients, specifically nitrogen (Zhang et al. 1990).
On the other hand at 100% field capacity the availability of the micronutrients Fe
and Mn is strongly improved (Plekhanova 2007). An additional effect of water-
logging is that the phosphorus availability will also increase as result of Fe
solubilization (Gambrell and Patrick 1978).

The denitrification as a result of nitrate respiration means that a substantial
amount of nitrogen will be lost to the atmosphere as N, N,O and NO (Gambrell
and Patrick 1978; Madigan et al. 2003; Tiedje et al. 1984). When the soil chemistry
leads to a reduced availability of nitrate, while simultaneously increasing the
concentration of ammonia (Ashraf and Rehman 1999), this might have a beneficial
effect on the budget of an energy deprived root system. It is assumed that the uptake
of nitrate will cost the cell 1 ATP (1:1 stoichiometry of the H*-NO;~ symporter and
a 1 H'/ATP transported by the proton pumping ATPase). The subsequent assimi-
lation of nitrate to glutamine consumes 12 ATP. The uptake of nitrogen from
ammonia will partly be mediated by the diffusive passage of the membrane by
NH3;, and not at the expense of a proton transported (although it should be noted that
the acidifying effect of assimilation of ammonia will exacerbate the problem of
cytoplasmic acidosis already caused by increased glycolytic activity). The assimi-
lation into glutamine will only cost 2 ATP per ammonia. That in the flooding-
sensitive beech (Fagus sylvatica) the NH,* uptake is much less affected by flooding
than NO3~ (Kreuzwieser et al. 2002), and might be a consequence of the metabolic
difference between these two N-compounds.

The water content of the soil has a pronounced effect on the effective diffusion
coefficient D, of plant nutrients. In soils with a volumetric water content of
0.40 gcm ™ only 10 uM P was necessary to achieve the same root uptake as
compared with 200 M P in a soil with a water content of 0.13 g cm . For potassium
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the D, increases from 2.55 to 4.91 to 6.40 x 107 cm® s~ ! in soils with a water
content of 0.19, 0.26 and 0.34 g cm*3, respectively (Barber 1984). This effect of soil
water content in ion uptake efficiency indicates that, particularly for phosphorus
and potassium, a higher water saturation level of the soil has its advantages
(Marschner 1995).

Due to the activity of sulphate reducing bacteria, sulphate will be depleted and
high amounts of H,S are produced under anoxic conditions in the pedosphere
(Dassonville and Renault 2002). Sulphide can be taken up by the roots cells in
analogy to the uptake of atmospheric H,S through the stomata in the leaf mesophyll
(Rennenberg and Polle 1994). Uptake of H,S by the roots was demonstrated in
P. australis. The potentially toxic H,S was used for accumulation of thiols (Fuertig
et al. 1996). In flooding tolerant poplar species the decreased allocation of reduced
sulphur compounds from the shoot to the root and the accumulation of cysteine in
the lateral roots indicated that the uptake of sulphide from reduced soils is a
common process (Herschbach et al. 2005). Since the uptake of sulphide is energeti-
cally less expensive than the uptake of sulphate waterlogging is not expected to lead
to S-deficiency.

2.2.3 In Waterlogged Conditions, Some Plant Species Show
More Root Hair Development, Longer and Thinner Roots
and Increased Levels of Infection With Mycorhizal
Fungi — Effectively Increasing k

Plants have been shown to optimize their foraging strategy for water and nutrients.
In areview by Bloom et al. (2003) it was shown that regulation by soil pH and redox
potential of root cell division and mechanical properties result in root proliferation
in nitrogen rich soil patches. In several studies with different species (tomato, mais)
the pattern that emerges is that root growth is more enhanced when the available
nitrogen is in the form of NH,* than when it is only available as NO3 ™. Also plants
develop thinner and longer roots when ammonium is the main nitrogen source,
supposedly an appropriate strategy for scavenging a relatively immobile nutrient.
From this example, it becomes clear that plants invest new biomass strategically
and economically in structures with a long slender geometry. When roots are water-
logged growth is inhibited. One of the obvious reasons is that the high energy
demand of growth cannot be met under anaerobic conditions. To deploy the limited
resources under these conditions in an optimal way, would be to allocate them to the
thinnest, longest structures possible, in order to maintain a high elongation rate.
Root hairs and mycorrhizal hyphae are thin structures associated with root
functioning and presumably with the lowest carbon costs possible per volume of
soil explored. To our knowledge no studies on the effects of waterlogging or
hypoxia have been published. However, exposing roots to the ethylene precursor
cyclopropane- 1-carboxylate does, increase root hair formation in Arabidopsis roots
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(Zhang et al. 2003; Schiefelbein 2000). The plant hormone ethylene is tightly
related to flooding-adapted growth. Ethylene, being gaseous, diffuses at a more
reduced rate in water than in air, leading to a quick accumulation upon flooding, and
is a primary signal that activates water-adapted growth responses in Rumex palus-
tris and deepwater rice (Visser and Voesenek 2004). Low phosphor in the growth
medium can also increase higher root hair densities. The low P-induced root hair
formation can be inhibited by adding ethylene inhibitors (Zhang et al. 2003).
However, in most plants grown hydroponically root hairs are completely absent,
caused by suppression of root hair initiation by the same plant hormone ethylene
(Goormachtig et al. 2004).

The reported effects of waterlogging on colonization of roots by mycorrhizal
fungi are similarly variable. In most publications fungal invection declines with the
development of anaerobic conditions (Garcia et al. 2008) or that the increased
availability of P under waterlogging depresses arbuscular mycorrhizal (AM) coloni-
zation (Stevens et al. 2002). In Lotus tenuis, the reduction in fungal infection was
due to increased P availability and to a lesser extend to excess water (Garcia et al.
2008). Completely opposite results were found for AM infection in Pterocarpus
officinalis. Flooded plants had well-developed mycorrhizas and plants that were
infected were more flood-tolerant, having a higher growth rate and a higher P
acquisition in the leaves (Fougnies et al. 2007). Also in Casuarina equisetifolia
infected with Glomus clarum developed better when flooded than plants that were
not infected (Osundina 1998). Ernst (1990) reported that mycorrhiza reduced the
accumulation of toxic elements such as Mn and Fe. In Panicum and Leersia the
infection or the roots by AM fungi was negatively affected by waterlogging,
however, waterlogged plants that were colonized showed an improvement in
phosphorus nutrition over non-colonized plants (Miller and Sharitz 2000). In a
field survey that involved the same two grass species, AM colonization was
strongly negatively correlated to the extent of waterlogging, but colonization was
present in most root samples (Miller 2000). Although the focus has been on the
effect of higher levels of phosphorus under waterlogged conditions on the infection
rate, also other nutrients, like Zn, Fe and Cu, will be more available under water-
logging and precisely these elements have also been shown to be more readily
available for plant roots that have an AM symbiosis (Fageria and Stone 2006). The
combination of effects of waterlogging, hypoxia and increased nutrient availability,
might partly explain the widely different results.

2.2.4 Waterlogging Decrease Evaporation and Bulk Water
Flow, V,

Many species show a reduction in the transpiration rate upon waterlogging (see
Pezeshki 2001 for an overview). Control over the transpiration stream can occur
anywhere along the pathway of water through the plant. The reported effects of
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waterlogging or hypoxia on the hydrolic conductivity of the root systems of
different plant species have been summarized by Bramley (2006). Of the eight
species listed, one species (Agave deserti) did not show a reduction in hydrolic
conductivity, another species (Lycopersicon esculentum) did not respond in one
study and showed a reduced hydrolic conductance in another, and in six species de
hydrolic conductance was reduced. In Arabidopsis root, the anoxia-induced reduc-
tion in hydrolic conductance is the result of a conformational change of water
channel proteins (aquaporins) when the cytoplasmic pH drops (Tournaire-Roux
et al. 2003). In some plant species stomatal closure has been reported without
significant changes in water status (Pezeshki 2001) leading to a reduction of the
water flow through the plant, of 40% (Bradford and Hsiao 1982). Reducing the flow
of water through the plant does reduce photosynthetic gas exchange and will reduce
the nutrient supply to the root as it will decrease mass flow in the soil.

2.2.5 In Response to Waterlogging the Kinetics of Root Transport
Systems, k,, and 1,,,,, Can Be Modified

Only few studies are available where effects of waterlogging on the kinetic para-
meters of the root nutrient transport systems have been reported. In Paspalum
dilatatum, a waterlogging-tolerant grass from South America, both the uptake
capacity and the affinity of root transport system for phosphate were affected by
waterlogging. The V.. of phosphate uptake increased by more than 100% on root
weight basis. While the affinity significantly increases: the k,, was 42 pM under
control conditions and 29 under waterlogging conditions (Rubio et al. 1997). This
effect of waterlogging on Paspalum dilatum is different from rice where no effect
of anoxia on P uptake capacity was found (John et al. 1974).

2.3 Summary and Concluding Remarks

Waterlogging has a severe effect on almost all the parameters that affect nutrient
uptake from the soil. In Table 2.1 an overview of the effects of waterlogging on
these parameters is presented, together with the possible adaptive responses of
plants to counteract these effects. We purposely did not include the processes that
will take place in rhizosphere of plants that form aerenchyma in the roots, providing
a conduct for the transport of O, from shoot to root. In these plants most of the
effects described above will be completely different: root function will be less
affected and the redox potential of the rhizosphere will be much lower. The plants
without aerenchyma in the roots generally can no longer use mitochondrial respira-
tion to generate ATP and shift to glycolysis, while reducing energy demanding
processes like growth and nutrient uptake. The cytoplasmic pH will become lower
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Table 2.1 Summary of the effects of waterlogging on the root parameters used in the model
described Silberbush and Barber. In the last column the possible functional adaptive response of
roots which counteracts the effect of waterlogging is listed. The question mark following a res-
ponse indicates that the functional response has only been described occasionally

Parameter Effect of waterlogging Functional response

k Root elongation rate Reduced Formation of root hairs,
association with AM fungi

o Root diameter Reduced

Cy Initial nutrient concentration Higher — lower

D, Diffusion coefficient Higher

km Affinity constant uptake system No effect Lowered?

Ihax  Maximal nutrient uptake rate Reduced Increased?

Cmin Minimal nutrient concentration  No effect

V, Bulk water flow Reduced

and hydrolic conductivity of the root will decrease due to acidosis. Stomata will
close and the flow of water through the plant will be severely reduced. The
production of volatile organic acids in the soil (maybe in combination with low
ATP levels) leads to membrane depolarisation and die-back of root tips, resulting in
much reduced root functionality. In the soil some nutrients become less available
(N), or become available in another form (N, S), but for others (P, Fe, Zn) water-
logging improves their availability. In waterlogged soils also diffusion of mobile
nutrients is increased. The literature on most of the possible adaptive responses is
not unanimous. Reasons for this are the lack of a general model plant system, the
variability in the conditions that are applied (hypoxia, anoxia, waterlogging, long
adaptation periods, short exposures, etc.), but also an inherent lack of control over
most of the variables involved. When soils are waterlogged a myriad of changes are
induced and some of these changes will have opposite effects: waterlogging
reduces root uptake capacity, but increase nutrient availability; nutrients become
more readily available, but possibly to a toxic level.

But the lack of consensus is most probably another illustration of the fact that
waterlogging-tolerance is not due to a single plant attribute, but to an amalgam of
processes and features that enhance the survival of the plant.
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