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ABSTRACT

We review the detrimental effects of waterlogging on physiol-
ogy, growth and yield of wheat. We highlight traits contributing
to waterlogging tolerance and genetic diversity inwheat. Death
of seminal roots and restriction of adventitious root length due
to O2 deficiency result in low root:shoot ratio. Genotypes differ
in seminal root anoxia tolerance, but mechanisms remain to be
established; ethanol production rates do not explain anoxia tol-
erance. Root tip survival is short-term, and thereafter, seminal
root re-growth upon re-aeration is limited. Genotypes differ in
adventitious root numbers and in aerenchyma formation
within these roots, resulting in varying waterlogging tolerances.
Root extension is restricted by capacity for internal O2 move-
ment to the apex. Sub-optimal O2 restricts root N uptake and
translocation to the shoots, with N deficiency causing reduced
shoot growth and grain yield. Although photosynthesis de-
clines, sugars typically accumulate in shoots of waterlogged
plants. Mn or Fe toxicity might occur in shoots of wheat on
strongly acidic soils, but probably not more widely. Future
breeding for waterlogging tolerance should focus on root inter-
nal aeration and better N-use efficiency; exploiting the genetic
diversity in wheat for these and other traits should enable
improvement of waterlogging tolerance.

Key-words: adventitious roots; aerenchyma; flooding toler-
ance; genotypic variation; micronutrient toxicity; nitrogen defi-
ciency; O2 deficiency; recovery ability; root anoxia tolerance;
wheat (Triticum aestivum).

INTRODUCTION

Waterlogging (soil flooding), due to high rainfall, irrigation
practices and/or poor soil drainage, annually affects large areas
of farmlands worldwide, imposing major constraints on roots
with negative impacts on crop yields (Jackson 2004). This
includes wheat (Triticum aestivum), for which 15–20% of the
annual crop suffers yield losses due to waterlogging (Sayre
et al. 1994; Setter & Waters 2003). In the USA, annual crop
insurance payouts over the past 5 years due to floods totaled
more than US$2bn, second only to drought (US$3bn) as a

stress (U.S. Department of Agriculture 2015). Several other
regions, including those among the top 10 wheat producers
(e.g.Europe and Pakistan), recently had severe floods inflicting
crop damage or loss (Bailey-Serres et al. 2012). Floods are ex-
pected to increase as a consequence of climate change (Parry
et al. 2007), and increased rainfall in some areas will adversely
impact on wheat production (Dixon et al. 2009; Trnka et al.
2014). Increased effort will be needed to breed wheat varieties
better adapted to the regionally prevailing abiotic stress
factors, for example, drought or waterlogging (Trnka et al.
2014), to meet grain production needs of our increasing human
population.

Waterlogging often results in anoxic (absence of O2) soils
(Ponnamperuma 1972) and severe hypoxia or anoxia within
roots (Armstrong 1979). Even roots with aerenchyma, which
facilitates internal O2 diffusion, including in wheat (Erdmann
& Wiedenroth 1986; Huang et al. 1994a), will have tissues
that become severely hypoxic (Armstrong 1979; Colmer &
Greenway 2011; Kotula et al. 2015). The shift in O2-deficient
tissues from aerobic respiration to the low ATP-yielding fer-
mentation results in an ‘energy crisis’ (Gibbs & Greenway
2003) and inhibition of root growth and functioning in trans-
port of nutrients and water to the shoot (Jackson & Drew
1984; Colmer & Voesenek 2009), and eventually death of
some roots. In addition to O2 deficits per se, soil redox po-
tential declines and Mn2+ and Fe2+ and organic acids can
increase in many soils (Ponnamperuma 1972). These can
enter roots and accumulate in addition to endogenously pro-
duced CO2 and ethylene (e.g. for CO2, Greenway et al. 2006).
Cells may also be damaged by reactive oxygen species (ROS)
(Blokhina et al. 2003). Thus, when subject to soil waterlogging,
roots suffer O2 deficits as well as the additional conditions
summarized in the previous text; however, even O2 deficiency
without the other soil chemical changes can exert severe stress
on roots of dryland species, such as wheat, with consequences
for the shoots (e.g. Trought & Drew 1980a).

Here, we review the physiological mechanisms conferring
waterlogging tolerance in wheat by examining root and shoot
responses and adaptations to low O2 stress and also the effects
of the additional components of the ‘compound stress’ caused
by soil waterlogging. We highlight genotypic variations where
apparent.Correspondence: M. Herzog; e-mail: herzogmax@bio.ku.dk
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EFFECTS OF WATERLOGGING ON ROOT
GROWTH AND FUNCTIONING

Wheat root systems are reduced in size owing to growth being
impeded and also damage and decay of the existing root system
(Fig. 1; references in Supporting Information Table S1). The
seminal root dry mass (DM) declines markedly, whereas new
adventitious roots develop (Trought & Drew 1980a; Malik
et al. 2001). The adventitious roots contain aerenchyma with
the associated internal O2 movement to the apex enabling
growth, albeit to a limited distance, into anoxic soils. The ad-
ventitious root growth does not fully compensate for loss of
seminal root DM (Colmer & Greenway 2011), and so median
rootDM is reduced to 38%of drained controls (Fig. 1). As root
growth is inhibited more than shoot growth, waterlogging re-
duces the median root:shoot ratio of wheat from 0.4 to 0.2
(Supporting Information Table S1). The large variation in re-
sponse of wheat to soil waterlogging is evident in our meta-
analysis of published data (Fig. 1 and Supporting Information
Table S1), which reflects waterlogging events of different dura-
tions and depths, the ‘compound stress’ (i.e.O2 deficits and
other changes in soil chemistry), different temperatures, soil
types and plant ages/developmental stages and possible geno-
typic differences in responses.

Environmental parameters influencing wheat
waterlogging responses

Cooler conditions result in less severe effects of waterlogging
onwheat (Luxmoore et al. 1973; Trought&Drew 1982). Lower

temperature results in slowerO2 depletion from the soil, slower
root metabolism and slower shoot growth and thus less de-
mand for water and nutrients (Trought &Drew 1982). In some
conditions (e.g. low biological activity, low temperature and
mass flow of water through the soil), soil anoxia may not occur
(Setter & Waters 2003). One example of the effect of soil type
on the response of wheat to mid-winter waterlogging was yield
being reduced by 16% in clay soil comparedwith 7% in a sandy
soil (Cannell et al. 1980), probably caused by a faster O2 deple-
tion during waterlogging and slower return to oxic conditions
upon drainage in the clay, and as proposed by those authors a
higher denitrification for the clay (Cannell et al. 1984).

Depth of waterlogging affects the degree of plant damage;
for example, when the water level was at 0, 10 and 20 cm below
soil surface, tillering of wheat was reduced by 62%, 45% and
24% and adventitious root main axes length per plant by
73%, 58% and 39%, respectively (Malik et al. 2001). Seminal
root growth can also increase in an oxic soil zone above the
water-saturated anoxic soil; for example, seminal root DM of
wheat waterlogged to 10 cm below the soil surface increased
by 50% as compared with plants with waterlogging to the soil
surface (Malik et al. 2001). The depth and duration of
waterlogging at some field sites have been described using
SEW30 (sum of excess water that occurs daily in the top
30 cm soil layer; Sieben 1964). Support for such an approach
for wheat is that growth and yield progressively decreased with
waterlogging duration (Sharma & Swarup 1988; Malik et al.
2002; Olgun et al. 2008; Yaduvanshi et al. 2012; Marti et al.
2015), and reoccurring waterlogging periods can show additive
effects (Belford 1981; Belford et al. 1985). However, limitations
of using SEW30 have been pointed out (McFarlane et al. 1989;
Malik et al. 2001; Setter & Waters 2003) because it does not
take into account temperature, flooding frequencies, possible
degrees of shoot submergence, susceptibility at different devel-
opmental stages and differential recovery responses. Although
SEW30 has limitations, with the addition of temperature data
(suggested by Setter et al. 2009), it provides a method to quan-
tify and integrate durations and depths of soil waterlogging.

Although low O2 stress is the major cause of the growth re-
duction of wheat roots (Trought & Drew 1980c), waterlogging
also results in other changes in soils that can be detrimental for
roots, such as higher concentrations of Fe2+, Mn2+, ethylene,
CO2 and organic acids (Ponnamperuma 1972; Ponnamperuma
1984). The soluble metal ions Fe2+ and Mn2+ can increase to
potentially toxic levels (Setter et al. 2009). High concentrations
of CO2 may cause pH to decline in root cells (Greenway et al.
2006) and high ethylene can inhibit root extension (Huang
et al. 1997a). Data on the effects of organic acids on wheat
are lacking, but adverse effects of organic acids on especially
K+

fluxes in roots of two barley (Hordeum vulgare) varieties
differed in magnitude (Pang et al. 2007), so this aspect should
be investigated also in wheat.

In conclusion, in order to facilitate interpretation of
waterlogging experiments, details on soil type, waterlogging
duration and depth, temperature and when possible other pa-
rameters such as soil O2 status and/or redox potential should
be provided. In the following subsections, we consider the di-
rect effects of O2 deficits on wheat roots, with focus on anoxia

Figure 1. The effects on wheat of waterlogging for shoot dry mass
(median = 67% of controls, n= 46, Supporting Information Table S1),
root dry mass (median= 38% of controls, n= 46, Supporting
Information Table S1) and grain yield (median = 57% of controls,
n= 206, Supporting Information Table S2) as percentage of drained
controls. This summary figure was compiled from data extracted from
peer-reviewed literature (data values, key experimental conditions and
references are in Supporting Information Tables S1 and S2). Boxes are
50% of the observations with the median shown as the horizontal line
within the box, and bars are 1 and 99 percentiles; outliers are shown as
●. **** Significant differences from 100% (Wilcoxon signed rank test,
P< 0.0001). Data are from experiments where wheat was waterlogged
in soil (either in pots or in field situations, water level �5 to +8 cm
relative to soil surface) for 7–42 d without recovery (root and shoot
mass) or for 4–120 d for grain yield (most experiments with recovery).
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tolerance and aerenchyma formation and internal O2 move-
ment. We consider physiological mechanisms contributing to
waterlogging tolerance and where available highlight geno-
typic variation in wheat.

O2 deficiency adversely affects the roots of wheat

The effect of severe root hypoxia on wheat has been evaluated
by growing plants in nutrient solutions bubbled with N2 or de-
oxygenated andmade stagnant with 0.1% (w/v) agar to prevent
convective flows (i.e.Wiengweera et al. 1997; Colmer &
Greenway 2011). Wheat in N2-flushed (Trought & Drew
1980c; Barrett-Lennard et al. 1988) or stagnant (Watkin et al.
1998) nutrient solutions for 10 to 14d developed symptoms re-
sembling those of plants in waterlogged soils (Trought &Drew
1980a, 1980b; Malik et al. 2001; Malik et al. 2002). The similar-
ities were as follows: (1) reduced seminal root growth, (2)
death of seminal root apical meristems, (3) growth of adventi-
tious roots to a restricted maximum length only, (4) lower
root:shoot ratio, (5) increased root porosity, (6) non-structural
carbohydrate accumulation in root and shoot tissues, (7) re-
duced shoot nutrient concentrations and (8) early senescence
of the older leaves. Recovery of growth (see Recovery from
TransientWaterlogging andGrain Yield section) upon transfer
of plants back to aerated nutrient solutions also somewhat
mimicked plant responses to soil drainage with O2 re-entry
(Malik et al. 2001), as initially growth mainly took place in the
root system rather than in the shoot, tissue sugar levels de-
clined and adventitious roots elongated in order to restore a
more balanced root:shoot ratio (Huang et al. 1994a; Huang &
Johnson 1995). The effects on wheat of N2 flushing in nutrient
solution lead to the conclusion by Trought&Drew (1980c) that
during early stages of waterlogging, the inadequate supply of
O2 to the roots could explain the arrest of root growth and to-
gether with reduced nutrient uptake caused by root dysfunc-
tion limits shoot growth of wheat (Trought & Drew 1980c;
Buwalda et al. 1988a).

Effects of O2 deficiency on root respiration

As the O2 in roots declines, at some point so will respiration;
the O2 concentration at which respiration first declines has
been termed the ‘critical O2 pressure’ for respiration (COPR).
COPR has been interpreted as being determined by the affinity
of cytochrome oxidase forO2 and its rate of consumption of O2

and the structure of roots, which determines the diffusion of O2

to all consumption sites, that is, to mitochondria in all cells
(Berry & Norris 1949; Armstrong & Beckett 2011a). However,
in the case of pea and Arabidopsis, it has been suggested that
respiration is down-regulated as O2 levels decline (Zabalza
et al. 2009), but this view has been challenged and the difficul-
ties of external solution measurements discussed in light of
diffusion limitations to O2 reaching interior tissues/cells
(Armstrong&Beckett 2011a, 2011b). For root tissues of wheat,
O2 uptake rate was stable until reaching the COPR in the me-
dium of 12.8kPa for 1mm apical tips and of 7.2 kPa for seg-
ments from 2–4mm behind the apex (Thomson et al. 1989);
there was no evidence for down-regulation of respiration.

The values from Thomson et al. (1989) are based onO2 uptake
rates from solution and therefore overestimate cellular COPR
(Armstrong 1979; Armstrong et al. 2009).

An alternative approach to determining COPR is the moni-
toring of radial O2 loss (ROL) from intact roots in an O2-free
medium during manipulations of the shoot O2 concentrations
(Armstrong & Gaynard 1976). Using this ROL-based ap-
proach, COPRwas found to be 2.1 kPa at the surface of the root
elongation zone (2–7mm behind apex) of wheat seminal roots
(Thomson et al. 1990), 4.0kPa for wheat adventitious roots
(Barrett-Lennard et al. 1988) and 2.4 kPa for rice (Oryza
sativa) adventitious roots (Armstrong & Gaynard 1976). The
higher value for adventitious roots of wheat when compared
with rice was suggested by the authors to be caused by lower
porosity in the apex of wheat roots (i.e. diffusional limitation
resulting in higher COPR). It has also been hypothesized that
species with roots having large stelar diameters should have
higher COPRs due to a longer diffusion path (i.e. stele radius)
to the innermost cells of this tissue of relatively low porosity
and high rates of O2 consumption, so that higher O2 in the cor-
tex would be needed to meet this demand (Armstrong et al.
2009). Cross sections of wheat adventitious roots have propor-
tional stelar areas of 18–20% (Huang et al. 1994b; Wiengweera
& Greenway 2004) compared with 5% in those of rice
(McDonald et al. 2002), therefore potentially contributing to
the explanation of differences in COPR between wheat and
rice. Screening of wheat root stele proportions could reveal if
genotypic variation exists that could then be followed up with
more detailed measurements to determine COPR of poten-
tially contrasting genotypes.

Anoxia tolerance of wheat roots

Without O2 supply, respiration ceases and anaerobic energy
metabolism produces someATP. Survival in anoxia varies from
hours to months for plant species and organs (Jackson&Drew
1984), with wheat roots being able to re-grow after 24 h of
anoxia when hypoxically pre-treated (Waters et al. 1991a;
Mustroph & Albrecht 2007). Survival of root apices, or of
lateral initials, would allow seminal roots to resume growth
when O2 is again available as waterlogging recedes (Waters
et al. 1991b; Goggin & Colmer 2005; Goggin & Colmer 2007;
Mustroph & Albrecht 2007).

Survival of root meristems during anoxia has been assessed
by resumption of root elongation upon return from anoxic to
aerated solutions. Seminal roots of wheat without hypoxic ac-
climation die within 9 h of anoxia: 85% of roots with ‘anoxic
shock’ did not resume elongation upon re-aeration (Waters
et al. 1991b). By contrast, exposure to hypoxia for 15–30h in-
creased anoxia tolerance as 100% of seminal roots retained
their elongation capacity after 24 h anoxia (Waters et al.
1991b; Goggin & Colmer 2005), or for some genotypes even
up to 72h anoxia (Goggin & Colmer 2007). The use of a
hypoxic pre-treatment mimics better the gradual O2 decline
in waterlogged soils and avoids an ‘anoxic shock’ (Gibbs &
Greenway 2003). During hypoxia, the activities of pyruvate
decarboxylase (PDC) and alcohol dehydrogenase (ADH) in-
creased by 2-fold to 4-fold and 3.5-fold to 17-fold and the rate
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of ethanol production (and thereby ATP generation) in the
subsequent anoxia increased 1.4–4 times (Waters et al.
1991b). Further investigation is needed to understand wheat
genotypic variation for seminal root tip survival in anoxia, the
physiology of which is considered further in the following
subsections.

Fermentation rates during anoxia

When suddenly exposed to anoxia, wheat seedling root tips
survived for about 24h at 15 °C and only 10h at 25 °C (Waters
et al. 1991a, 1991b). This low anoxia tolerance has been
linked to the relatively low rate of ethanolic fermentation
in wheat roots of 10 μmol ethanol g�1 FMh�1 in 5mm root
tips (Waters et al. 1991b) and 3–5 μmol ethanol g�1 FMh�1

in the expanded root zone; in both cases, exogenous glucose
was provided as substrate (Waters et al. 1991b; Goggin &
Colmer 2007). These rates are relatively low compared with
that of fermentation in 5mm root tips of maize (Zea mays)
(19 μmol ethanol g�1 FMh�1, Saglio et al. 1988) and rice
seedling shoots (22 μmol ethanol g�1 FMh�1, Menegus
et al. 1991). However, differences between species may
merely be due to differences in protein concentrations, so
the relatively low fermentation rates in wheat need to be
confirmed on a protein basis (Gibbs & Greenway 2003).
Moreover, anoxia tolerance is determined by factors in ad-
dition to rates of ATP production during glycolysis linked
to ethanol production, including the efficient utilization of
the limited amount of energy available during anoxia
(Atwell et al. 2015). Similar ethanolic fermentation rates
(on a protein basis) in species showing very different anoxia
tolerances support this view (Atwell et al. 2015). Similarly,
11 wheat genotypes did not differ for ethanolic fermentation
rate (excised roots supplied with glucose) despite these
showing large variation in anoxia tolerance measured as
retention of seminal root elongation potential after 72 h
anoxia (Goggin & Colmer 2007). Factors other than fer-
mentation rates, for example, substrate supply, efficient
use of available energy or down-regulation of energy re-
quirements, must therefore determine genotypic differences
in anoxia tolerance in wheat roots.
Wheat roots subjected to hypoxic pre-treatment, rather than

to anoxic shock, had 1.4-fold to 4-fold higher ethanol produc-
tion rates and greater anoxia tolerance (Waters et al. 1991b).
Ethanolic fermentation in wheat roots is initially limited by
low activity of PDC (Waters et al. 1991b; Albrecht et al.
2004), and hypoxic pre-treatment increased PDC activity
18-fold during 72h of hypoxia (Albrecht et al. 2004). The in-
creased anoxia tolerance following hypoxic pre-treatment
could reflect the improved capacity for ATP production in
glycolysis linked to ethanol production, as well as several other
acclimations to low O2 (cf. Greenway & Gibbs 2003).

Substrate supply

Non-structural carbohydrates (i.e. sugars) accumulate in shoots
(e.g. 2-fold at 3 d of soil waterlogging) and roots (e.g. 4-fold at
6 d in N2-flushed solution) of wheat during soil waterlogging

or when in O2-deficient nutrient solutions (Barrett-Lennard
et al. 1988; Waters et al. 1991b; Albrecht et al. 1993; Huang &
Johnson 1995; Malik et al. 2001, 2002; Mustroph & Albrecht
2003, 2007). During root hypoxia, fructans increased both in
roots and shoots of 10-d-old wheat seedlings, which has been
suggested to be an energy-efficient carbohydrate storage
mechanism (Albrecht et al. 1993; Albrecht & Biemelt 1998).
However, views differ on the issue of substrate supply for
fermentation in anoxic wheat roots. Sugar supplies were calcu-
lated to be ample for 24h of fermentation, but apices of anoxia-
shocked roots only survived up to 9h anoxia and exogenous
glucose during anoxia resulted in five times higher retention
of elongation potential (and two to three times higher ethanolic
fermentation); hypoxic pre-treated roots already had high tol-
erance of 9 h anoxia, so there was little benefit of exogenous
glucose to those roots during the same time period (Waters
et al. 1991b). Loss to the medium of sugars and other metabo-
lites, and the possibility of decreased phloem transport towards
the tips, was suggested as reasons that exogenous glucose was
beneficial despite the starting levels within the seminal roots
(Waters et al. 1991b); such solute loss can be substantial for
wheat roots in anoxia (Greenway et al. 1992). Sugar accumula-
tion during a hypoxic pre-treatment, in addition to increased
PDC andADH activities, may increase ethanolic fermentation
rates during subsequent anoxia (Albrecht et al. 2004) and en-
hance survival in anoxia, but even hypoxic pre-treated root tips
of wheat died after 48 h anoxia (Mustroph & Albrecht 2007).

Sugar transport to wheat roots is restricted by anoxia. Sugar
transport from the endosperm/shoot was reduced by 79–97%
when whole seedlings were subjected to anoxia (Waters et al.
1991a). Root sugar concentrations of seedlings exposed to
72h anoxia decreased but did not differ significantly among
11 genotypes (Goggin & Colmer 2007). Photosynthetically in-
corporated 14C fed to shoots was detected in roots in anO2-free
nutrient solution for 4 d (Wiedenroth & Poskuta 1981), but
whether 14C was at the root tips was not determined. In maize
seedlings, phloem unloading to the apex was severely inhibited
by anoxia (Saglio 1985). The decrease in sugar concentrations
in anoxic roots contrasts with the earlier-mentioned increase
in sugars in hypoxic seedling roots. Interestingly, in the 20mm
tips of adventitious roots of two varieties, which differ in
waterlogging tolerance and exposed to 21d of hypoxia, sugars
were substantially higher in the tolerant variety (Huang &
Johnson 1995). Whether wheat genotypes differ in phloem
transport during hypoxia and the influence on waterlogging
tolerance should be assessed (cf. Boru et al. 2003, but direct
measurements are needed), and comparisons should ensure
that tips are alive to avoid measurements on tissues that have
leaked cellular contents as a result of death.

Cytoplasmic acidosis

Anoxia results in declining cytosolic pH in wheat roots, as in
other plants, and if prolonged, this may lead to cell death
(Ishizawa 2014).Wheat seedling root tips died within 10h when
subject to anoxia at pH4 whereas survival was more than 90%
at pH5 and 6, indicating that low external pH would increase
cytoplasmic acidosis during anoxia (Waters et al. 1991a). The
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cause for the initial pH drop has been suggested to result from
initial lactate production, being 1.5μmolg�1 FMh�1 in wheat
roots (Thomson et al. 1989;Mustroph&Albrecht 2007), but lac-
tate production/accumulation and cytoplasmic acidification are
not necessarily always correlated (Felle 2005). Moreover, maize
roots show lactate efflux and a higher cytoplasmic pH after
hypoxic pre-treatment (Xia&Roberts 1994). Similarly, hypoxic
pre-treated wheat roots had 2-fold higher efflux of lactate
during the first 3 h of anoxia than when given anoxic shock
(Mustroph & Albrecht 2007). However, the tissue concentra-
tion of lactate was only 0.5μmol g�1 FM in entire excised wheat
roots (Mustroph & Albrecht 2007), and although it would be
expected to be higher in root tips, whether lactate is responsible
for the observed pH decline in wheat roots remains to be
determined.

Cytoplasmic pH decreases in anoxic shoots and root tips
of wheat (0.8 and 0.6 pH units within 2 h, respectively)
were greater than decreases of 0.5 and 0.2 pH units in
shoots and roots tips of anoxia-tolerant rice (Menegus
et al. 1991; Kulichikhin et al. 2007; Ishizawa 2014). Wheat
cytoplasmic pH continued to decline by another 0.2 pH
units so that pH was then 6.8 after 6 h anoxia in root tips
(Kulichikhin et al. 2007) and 6.5 in wheat seedling shoots
(Menegus et al. 1991), contrasting with rice root tips for
which cytoplasmic pH stabilized at pH 7.15 during anoxia
(Kulichikhin et al. 2007). After prolonged anoxia, loss of
regulation of cellular pH might be a consequence of the
energy shortage and reflect dying cells, rather than impaired
pH regulation per se being the cause of death (Felle 2005;
Atwell et al. 2015).

Root solute loss

Death causes cellular solute loss, but solutes may also be
lost well before death occurs, for example, cation efflux
due to membrane depolarization in anoxia. Wheat seedling
roots lost K+, amino acids and sugars when subjected to an-
oxic shock and, to a lesser degree, when anoxia was pre-
ceded by a hypoxic pre-treatment (Greenway et al. 1992).
Plasma membrane depolarization leads to opening of
voltage-gated ion channels (Ward et al. 2009), and K+ net
loss has been documented for wheat seedling roots
(Greenway et al. 1992; Goggin & Colmer 2007). Investiga-
tion of genotypic variation in wheat for root K+ retention
showed that the four varieties showing the most anoxia
tolerance had higher tissue K+ concentrations than the two
anoxia-intolerant varieties (Goggin & Colmer 2007). For
wheat roots of 26-d-old plants subjected to severe hypoxia
(0.23 kPa O2) for up to 10 d, K+ loss was due to membrane
depolarization rather than increased membrane permeabil-
ity, as membranes under anoxia were depolarized but
remained impermeable to sorbitol (Buwalda et al. 1988b).
In addition to these effects of anoxia (or severe hypoxia)
on solute loss from roots, organic acids in anaerobic soils
can also result in membrane depolarization and K+ efflux,
as demonstrated for barley roots in aerobic nutrient solu-
tion (Pang et al. 2007).

Aerenchyma formation in roots of wheat

O2 movement within roots is largely determined by tissue po-
rosity (gas volume per unit tissue volume; Armstrong 1979).
Root porosity is an important trait contributing towaterlogging
tolerance of wheat (e.g. Setter & Waters 2003) and other spe-
cies (e.g. Justin & Armstrong 1987). The constitutive porosity
of wheat roots (i.e. porosity in aerated conditions) is, like most
dryland species, relatively low (median values of 2.1% and
5.2% for seminal and adventitious roots, respectively, Fig. 2,
references in Supporting Information Table S3) and reflects
the hexagonal pattern of cell packing in the root cortex
(Trought & Drew 1980c; Xu et al. 2013) resulting in small
gas-filled intercellular spaces (cf. Armstrong 1979; Malik et al.
2003). The waterlogging-induced increase in wheat root poros-
ity results from formation of lysigenous aerenchyma in the cor-
tex (Erdmann & Wiedenroth 1986; Huang et al. 1994b;
Yamauchi et al. 2014b) resulting in 14.8% porosity (median
value) of adventitious roots formed upon waterlogging (Fig. 2).

The ability of seminal roots of wheat to form aerenchyma is re-
lated to age and/or developmental stage (Supporting Information

Figure 2. Porosity (%, gas volume per unit root volume) in seminal
and adventitious roots, and aerenchyma (%, cross-sectional area) in
adventitious roots, of wheat grown in aerated or drained (control) or
O2-deficient [2 studies in waterlogged soils and 12 studies in N2-flushed/
deoxygenated nutrient solutions; waterlogging (WL)] conditions. This
summary figure was compiled from data extracted from peer-reviewed
literature (data values, key experimental conditions and references are
in Supporting Information Table S3). Boxes are 50% of the
observations with the median shown as the horizontal line within the
box, and bars are 1 and 99 percentiles; for porosity of seminal roots and
aerenchyma of adventitious roots, the numbers of observations were
insufficient for box-whiskers plots so each observation is shown with●.
Letters denote significant differences between control and WL (one-
way ANOVAwith Tukey’s multiple comparison test on log-transformed
data, P< 0.05, n= 15–17 for porosity of adventitious roots and 5–7 for
seminal roots); n.s. denotes no significant difference between drained
and WL adventitious root aerenchyma (Mann–Whitney test,
P= 0.556). Medians are 2.1% and 5.3% porosity for control and WL
seminal roots, 5.2% and 14.8% porosity for control and WL
adventitious roots, and 5.5% and 20% aerenchyma for control andWL
adventitious roots, respectively.
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Table S3). Seedling (5- to 7-d-old) seminal roots form aeren-
chyma whereas older seminal roots lose this capacity (e.g. roots
of 18- to 36-d-old plants; Thomson et al. 1990, 1992; Xu et al.
2013).More specifically, porosity of short, young seminal roots in-
creased from 4–6% in aerated solution to up to 12% when in
stagnant conditions whereas porosity of long, old seminal roots
(>100mm) hardly increased and was 3–7% in both conditions
(Thomson et al. 1990). Interestingly, for adventitious roots in aer-
ated solution with exogenous ethylene, shorter (100–200mm)
roots formed aerenchyma whereas longer (>300mm) roots did
not (Huang et al. 1997a). In addition to this possible decrease in
responsiveness to ethylene in older/longer roots limiting aeren-
chyma formation, when in an anaerobic medium, the distal por-
tions of long roots of low porosity might not receive internal
O2, which would result in damage or even death of tissues also
preventing the opportunity for aerenchyma to form.
In contrast to seminal roots, adventitious roots form more

aerenchyma, and these newly produced roots are able to
elongate at least to some extent into waterlogged soil or
O2-deficient solutions (Thomson et al. 1992; Malik et al.
2002). Adventitious root constitutive porosity ranges from
3% to 7%, and during waterlogging, the porosity increases up
to 11–20% by formation of aerenchyma depending on the ge-
notype and O2 deficiency duration and treatment method
(Thomson et al. 1990, 1992; Huang et al. 1997a; Wiengweera
et al. 1997; Malik et al. 2001, 2002, 2003 and Supporting Infor-
mation Table S3). Waterlogging-tolerant genotypes had root
porosities of 20%, 14% and 11%, and waterlogging-sensitive
genotypes had root porosities of 8% and 6%, after 20d in occa-
sionally N2-flushed nutrient solution (root types not stated,
Boru et al. 2003), showing that genotypic variation for aeren-
chyma formation is present in wheat. The importance of this
trait in potentially conferring waterlogging tolerance was illus-
trated in a field study using 12 genotypes, as yield as percent of
controls during waterlogging was positively correlated with
aerenchyma percentage of the mid-cortex (Setter 2000).
Aerenchyma formation in roots of wheat, like lysigenous

aerenchyma in other species, results from the degradation of
cortical cells (Erdmann et al. 1986; Huang et al. 1994b; Malik
et al. 2001) via programmed cell death (PCD) as described for
wheat (Jiang et al. 2010) and more generally (Evans 2004;
Shiono et al. 2008; Takahashi et al. 2014). Interestingly, exposure
to O2 deficiency of only the apical portion of adventitious roots
is enough to trigger the development of aerenchyma along the
entire main axis (Malik et al. 2003). As ethylene signalling
triggers lysigenous aerenchyma formation (Steffens & Sauter
2014), including for wheat (Huang et al. 1997a; Yamauchi et al.
2014a, 2014b), possible transport of 1-aminocyclopropane-1-
carboxylic acid (ACC) and/or ethylene movement from the
hypoxic tip back along the roots could underpin this response
(Malik et al. 2003). Exogenous ethylene (1 to 5μLL�1) resulted
in increased porosity of wheat roots in aerated nutrient solution
from <5% to 18% (Huang et al. 1997a). The promoting effect
of ethylene on aerenchyma formation was greatest under high
doses (5μLL�1), more pronounced for newly formed short
roots (10–20 cm length) than pre-existing longer roots (30 cm
length) and of higher magnitude in a waterlogging-tolerant
variety than in a sensitive one (Huang et al. 1997a).

Details onmechanisms of aerenchyma formation and associ-
ated signalling in roots have been reviewed (Steffens & Sauter
2014). Recent work of interest in wheat, using seedling seminal
roots, highlights the role of ROS as part of PCD in aerenchyma
formation (Xu et al. 2013; Yamauchi et al. 2014b). ROS accu-
mulation starts in the mid-cortex cells where PCD begins, ac-
companied with up-regulation of some genes encoding for
ROS-producing enzymes (e.g.NADPH oxidase) and down-
regulation of ROS-detoxifying enzymes (e.g. catalase (CAT);
Xu et al. 2013). Pre-treatment of 5-d-old wheat seedlings with
ACC increased aerenchyma as well as the expression of three
genes encoding respiratory burst oxidase homolog (Yamauchi
et al. 2014a, 2014b), which act by generating ROS, and an
NADPH oxidase inhibitor partially suppressed the ACC-
induced response.

Ethylene triggers other plant acclimations to flooding in ad-
dition to aerenchyma formation (reviewed by Sasidharan &
Voesenek 2015); of interest here is the initiation of adventitious
roots. The number of adventitious roots per wheat plant is typ-
ically reduced by hypoxia or waterlogging but proportionally
less than the number of tillers per plant; therefore, adventitious
root number per tiller increases (Huang et al. 1997b;Malik et al.
2001, 2002). Greater adventitious root number per tiller pre-
sumably assists the shoots to cope with the waterlogging-
induced restrictions impacting on their roots (Malik et al.
2003). Wheat shows genotypic variation for the formation of
adventitious roots, as 21 d of hypoxia (5% O2) decreased the
number of adventitious roots in two waterlogging-sensitive
varieties by 17% and 37% from aerated controls, whereas this
increased by 82% in a waterlogging-tolerant variety (Huang
et al. 1994a). Wheat adventitious rooting in response to
ethylene is dependent on the genotype and ethylene concen-
tration (Huang et al. 1997a). Production of adventitious roots
by a waterlogging-tolerant variety increased by 17% at all
ethylene concentrations (0.1, 1.0 and 5.0μLL�1), whereas in
a sensitive variety, only the lowest ethylene concentration pro-
moted these roots (Huang et al. 1997a).

Internal O2 supply determines root growth in
waterlogged soils

Root growth is arrested by soil waterlogging as a lack of soil O2

to support root respiration means a low energy supply cannot
meet the high energy demand of growth (Elzenga & van Veen
2010). Internal O2 movement from shoots and along roots via
aerenchyma can then support root extension (Armstrong
1979), but only a limited amount of O2 can reach the root api-
ces. The restricted capacity for internal O2 movement within
roots of wheat was demonstrated by the increased adventitious
and seminal root extension rates when O2 around shoots was
raised from 21kPa to 80–100kPa and thus increasing internal
O2 diffusion into and along the roots (Thomson et al. 1990;
Wiengweera & Greenway 2004). Maximum lengths of wheat
adventitious roots in waterlogged soil (11–14 cm, Thomson
et al. 1992; Malik et al. 2001) are limited by internal O2 supply
to the apex owing to low to moderate porosity of tissues, high
respiratory rates and/or high root ROL to the rhizosphere, all
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of which in concert determine the length that roots can grow
when reliant on internal O2 movement to the apex (Armstrong
1979). The ‘Root-Length Model’ by Armstrong (1979) has
been used to predict the maximum length of wheat roots in
an anoxic medium and reliant on internal O2; for seminal roots
(3.4% porosity) in N2-flushed nutrient solution and for adven-
titious roots (22% porosity) in waterlogged soil, the lengths
achieved were 85% and 77% of those predicted by the model
(Thomson et al. 1990, 1992; Malik et al. 2001). By comparison,
rice roots reached the predicted lengths, which could be due to
differences between the two species in ROL from the basal
zones of roots (high in wheat and low in rice; Colmer 2003);
ROL is assumed to be zero in themodel.Wheat roots did reach
the predicted lengths in stagnant nutrient solution where ROL
is lower than in soil (Watkin et al. 1998; McDonald et al. 2001).

Root extension rates can initially be maintained in O2-defi-
cient media, but as O2 concentration at the root tip decreases,
extension declines at the critical O2 pressure (COPE) and even-
tually ceases (Armstrong & Webb 1985). Monitoring root ex-
tension rates and the O2 concentration just behind the root
apex (2–7mm) when in anoxic medium, while manipulating
O2 levels around the shoot and thus at the root apex owing to
internal O2 movement along the roots, enables determination
of the COPE (Armstrong & Webb 1985). In wheat, COPE of
5- to 7-d-old seminal roots grown in semi-stagnant solution
and transferred to deoxygenated agar medium for the COPE
measurements was 2.68 kPa at the root surface (Thomson
et al. 1990), being 7-fold to 15-fold higher than similarly deter-
mined COPE in rice roots (0.2–0.4kPa, Armstrong & Webb
1985). These contrasting values of COPE in wheat and rice
are similar to the differences between these two species in
COPR (see Effects of O2 Deficiency on Root Respiration
section), so that the declines in root extension presumably
result from diminishing respiratory activity below the COPR
(Thomson et al. 1990). The higher COPR and COPE values in
wheat roots than for rice might be related to insufficient O2

reaching the apex due to the low tissue porosity owing to
hexagonal cell packing in wheat roots in contrast to higher tis-
sue porosity of cubic packing of cells in rice roots.

Studies of wheat root lengths as affected by waterlogging
showed a significant genotype× treatment interaction for root
length density (five genotypes, Hayashi et al. 2013) and for lon-
gest adventitious root length (seven genotypes, Dickin et al.
2009), but unfortunately, root porosity and/or ROL were not
measured. Maximal length was greater for adventitious roots
of higher porosity for two varieties compared in stagnant
nutrient solution (Watkin et al. 1998). Waterlogging for 17d
in sterilized sand reduced total length of adventitious roots to
64% of control in a variety with 30% cortical aerenchyma
and to 42% of control in one with 19% cortical aerenchyma
(Huang et al. 1994b). Seminal root lengths after 7 and 50d
waterlogging did not show a significant treatment × genotype
interaction (seven genotypes, Dickin et al. 2009; 6 genotypes,
Haque et al. 2012), which contrast with the genotypic variation
for adventitious roots.

Aerenchyma formation substantially increases internal O2

diffusion, while consumption of O2 along the diffusion path
by respiration and ROL both decrease the O2 at the root tip

(Armstrong 1979). Roots of many waterlogging-tolerant spe-
cies, such as rice, develop a barrier to ROL in the outer cortex
(Armstrong 1979; Colmer 2003). By contrast, roots of wheat
have substantial ROL from basal zones (Malik et al. 2003;
Malik et al. 2011; Alamri et al. 2013), which decreases root
growth (Thomson et al. 1992). An approach aimed at improv-
ing the tolerance of wheat to waterlogging is the transfer of
the barrier to ROL from a wetland wild relative, Hordeum
marinum, to wheat by wide hybridization and amphiploid pro-
duction (Malik et al. 2011). Two H.marinum–wheat amphi-
ploids had tight ROL barriers and two only moderate ROL
barriers (Malik et al. 2011). This work demonstrates the poten-
tial to target specific traits from more stress-tolerant wild rela-
tives of wheat, but the amphiploids had low fertility and thus
low grain production, so further breeding would be required
to potentially produce a more waterlogging-tolerant and com-
mercially viable (high-yielding) wheat.

How does O2 deficiency affect wheat root
functioning?

Nutrient uptake

Arrest in root elongation upon waterlogging is pronounced in
wheat, thereby leading to a reduced soil exploration and re-
duced surface area for uptake of nutrients (Elzenga & van
Veen 2010). In addition, nutrient uptake by wheat is decreased
per unit of root mass; for example, P uptake by seminal roots
was 0–16% of aerated controls and by adventitious roots it
was 31–73% (Barrett-Lennard et al. 1988; Kuiper et al. 1994;
Wiengweera & Greenway 2004). The higher maintenance
of ion uptake by the adventitious than seminal roots in O2-
deficient solution presumably is owing to the greater capacity
for internal aeration of the adventitious roots (Colmer &
Greenway 2011).

Reduced ion transport capacity in O2-deficient roots low in
energy is likely due to reduced proton motive force and less
negative membrane potential (Elzenga & van Veen 2010).
The proton motive force is generated by plasma membrane
H+ ATPases, but activity of these H+ ‘pumps’ is reduced when
adenylate energy charge declines (Armstrong & Drew 2002;
Elzenga & van Veen 2010). In addition to reduced capacity
for nutrient uptake by root cells, transport from roots to shoots
can also be reduced by the effect of an anoxic stele to reduce
xylem loading (Gibbs et al. 1998; Colmer & Greenway 2011).
Cells in dense stelar tissues can experience more severe O2 de-
ficiency than epidermal and cortical cells, as has been illus-
trated by microelectrode profiling, for example, in excised
maize roots (Gibbs et al. 1998) or intact barley adventitious
roots (Kotula et al. 2015). Such conditions would also be ex-
pected in wheat roots and could reduce ion release from xylem
parenchyma cells into xylem vessels (Colmer & Greenway
2011; Kotula et al. 2015).

Indeed, soil waterlogging reduces the nutrient concentra-
tions in the shoots of wheat (Trought & Drew 1980b; Sharma
& Swarup 1988; Steffens et al. 2005). Similarly, shoot nutrient
concentrations are decreased when wheat is grown in
N2-flushed or in stagnant nutrient solutions (Trought & Drew
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1980c; Wiengweera & Greenway 2004); these results from nu-
trient solutions support that root hypoxia restricting respiration
can reduce root nutrient uptake and/or xylem transport (Drew
1983). In addition, waterlogging also alters nutrient dynamics
in soils. P availability may increase as Fe is solubilized (Elzenga
& van Veen 2010). Denitrification causing losses of nitrate can
occur in waterlogged soils, including soils planted with wheat
(Cannell et al. 1980; Trought & Drew 1982; Belford et al.
1985; Webster et al. 1986; Hamonts et al. 2013), although to
our knowledge, the amount of N lost has not been quantified
for wheat fields.

Root hydraulic conductivity

Structural and functional constraints in O2-deficient roots have
been proposed as explanations for a disturbed water balance of
shoots of plants in waterlogged conditions. A reduced root:
shoot ratio is common in wheat (and other dryland cereals)
when waterlogged (Huang et al. 1994b; Malik et al. 2001; Malik
et al. 2002) (Supporting Information Table S1) and implies a
lower water absorption surface area of roots in relation to the
transpiratory surface of leaves, which together with impaired
root hydraulic conductivity (Bramley & Tyerman 2010) can re-
sult in plant wilting, particularly under high evaporative de-
mand. A detailed study on water transport in wheat roots
showed that short-term hypoxia (30min at 4 kPa) reduced hy-
draulic conductivity of root cortical cells by 45% and tran-
siently reduced the conductivity of entire roots, possibly due
to decreased opening of aquaporins (Bramley et al. 2010). Dur-
ing long-term waterlogging events, root cell death, xylem
blockage and changes in root anatomy, for example, for wheat,
cell wall lignification (Erdmann et al. 1986) and decreased xy-
lem diameter in adventitious roots (Huang et al. 1994b), could
each affect root hydraulic conductivity (Bramley & Tyerman
2010). Leaf water potential declined for two wheat varieties af-
ter 17d of waterlogging from �0.54 and �0.79MPa to �1.02
and �1.10MPa (Huang et al. 1994b). However, leaf water
potential in six wheat genotypes was unaffected after 7 d in
hypoxic nutrient solution (Huang et al. 1994a). Decreases
in stomatal conductance of wheat in waterlogged soil or in
O2-deficient nutrient solution can be substantial; 18% to 60%
of controls (Trought & Drew 1980a; Huang et al. 1994b;
Musgrave 1994; Malik et al. 2001; Zheng et al. 2009; Li et al.
2011; Shao et al. 2013; Wu et al. 2014) and as discussed in the
Photosynthesis Decreases due to Feedback fromAccumulated
Sugars section can be related to reduced growth and possible
feedback of high leaf sugars and not necessarily adverse plant
water relations.

Summary of effects of O2 deficiency on roots of
wheat

Soil waterlogging severely inhibits seminal root growth and
nutrient uptake, whereas new adventitious roots containing
aerenchyma grow and enable some nutrient uptake, albeit
reduced in comparison with O2-sufficient roots. Anoxia
tolerance and survival of seminal roots would presumably

benefit wheat subjected to short transient waterlogging; the
few available data indicate some genotypic variation in seminal
root survival during up to 3d of anoxia. Ethanolic fermentation
enables production of some ATP, which would be of impor-
tance, but anoxia tolerance appears to be related to additional
aspects of metabolism, which requires further elucidation.
Wheat genotypes differ in both the numbers of adventitious
roots formed and amount of aerenchyma within these roots.
Aerenchyma enhances internal movement of O2 into and
along the roots, but O2 becomes limited at the apex of rela-
tively short roots due to moderate porosity and high rates of
ROL from basal zones. The low porosity but high O2 demand
in the stele and root tips could limit both growth and nutrient
transport. Importantly, apices of many adventitious roots can
survive at least for several days after root extension stops, so re-
covery growth can occur when transient waterlogging recedes.

IMPACT OF WATERLOGGING ON SHOOTS

Having considered in the previous text the direct effects of
soil waterlogging on wheat roots, in this section, we examine
the consequences for shoots in terms of growth, photosyn-
thesis, sugar and nutrient status and possible toxicity of
microelements.

Waterlogging reduces wheat shoot growth

Waterlogging generally reduces shoot growth of wheat, and
median shoot DM is reduced to 67% of drained controls
(Fig. 1). The high variability in the reduction of shoot DM in
Fig. 1 reflects different conditions of waterlogging: (1) depth,
(2) duration, (3) temperature, (4) soil type, (5) mineral nutri-
tion regime, (6) plant age/developmental stage and (7) geno-
type (key experimental conditions and references are in
Supporting Information Table S1). The reduction of shoot
growth results from less tillering and reduced rates of leaf
growth and smaller leaf size. Nitrogen (N) deficiency is one
likely cause of the reduced tillering and slower growth (Belford
et al. 1985; Robertson et al. 2009). The reduced rate of leaf area
production, as well as early senescence of basal leaves (Trought
& Drew 1980a; Malik et al. 2001; Malik et al. 2002), would re-
duce the area available for light interception.

Genotypic variation for shoot growth is evident for wheat in
experiments with side-by-side comparisons in waterlogged soil,
for example, shoot DM 70% and 40% of controls in a tolerant
and sensitive variety, respectively (Huang et al. 1994b), and in
hypoxic nutrient solution, for example, after 21 d, shoot DM
of 46–70% of controls in six varieties (Huang et al. 1994a). A
screening of 37 genotypes revealed shoot growth range of
27–63% of drained controls on an acidic soil waterlogged for
49d (Setter et al. 2009). The yield of wheat when waterlogged
has been shown to correlate with shoot DM, which is also
closely related to plant tiller number (Musgrave & Ding 1998;
Collaku & Harrison 2002; Hayashi et al. 2013).

Shoot DM of wheat in waterlogged soil can increase during
the first few days above that of drained controls as a result of
accumulation of photosynthates (Trought & Drew 1980a;
Supporting Information Table S1). This accumulation of sugars
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in the shoots of wheat (Trought & Drew 1980a, 1980c; Barrett-
Lennard et al. 1988; Albrecht et al. 1993; Huang & Johnson
1995; Malik et al. 2002) means that sugar production exceeds
consumption/export, which is likely the consequence of a
hypoxic root system demanding less substrate due to cessation
of growth and/or decreased ability for phloem transport in the
hypoxic roots.

Photosynthesis decreases due to feedback from
accumulated sugars

Waterlogging reduces net photosynthesis (PN) in wheat, al-
though with significant variations in both severity (Fig. 3a;
references in Supporting Information Table S4) and also time
of onset. We will consider separately short-term and longer-
term responses to soil waterlogging of PN in wheat, as the
causes of these declines in PN likely differ. Possible causes of
the initial decline in PN could be stomatal closure limiting inter-
nal CO2 concentration (Ci), but negative feedback from carbo-
hydrate accumulation could also decrease PN within the first
days. In the longer term, N deficiency could also decrease leaf
photosynthetic capacity. Numerous studies have documented
that sugars accumulate in wheat shoots, stems and roots when
waterlogged (Trought & Drew 1980a; Malik et al. 2001, 2002)
or when in hypoxic solutions (Trought & Drew 1980c;
Barrett-Lennard et al. 1988; Albrecht et al. 1993; Huang &
Johnson 1995; Mustroph & Albrecht 2003, 2007), indicating
that reductions in PN during short-term waterlogging are not
likely to be the cause of reductions in wheat shoot growth, as
tissue sugars remain high.

The different mechanisms leading to reduced PN are illus-
trated by correlating ΔPN [PN(waterlogged)�PN(control)]
against Δ stomatal conductance [gS(waterlogged)� gS(control)],
during short-term (1–3 d) and long-term (7–21 d)
waterlogging of wheat (Fig. 4; references in Supporting Infor-
mation Table S5). PN was significantly correlated with gS both
in short-term (r=0.79) and long-term waterlogging (r=0.46);
however, the correlation was weaker during the long-term
waterlogging. Short-term effects of waterlogging on PN could
be due to ‘physiological drought’ in waterlogging-sensitive
species, which can even wilt, and gs would decrease to
conserve water (Bramley & Tyerman 2010), resulting also in
decreased intercellular CO2 (Ci) and lower PN. However,
experiments on wheat (Malik et al. 2001; Wu et al. 2014) and
other species (see Else et al. 2009) concluded that Ci increased
uponwaterlogging; that is, PN was not limited by gs. Our calcu-
lations of Ci for wheat during waterlogging on the basis of
published PN and gs data (Fig. 3a,b) show that during short-
term (1–3 d) waterlogging, Ci is maintained at close to that in
leaves of controls (with some exceptions where values decline
down to 80% of controls) and Ci increased during the
long-term waterlogging to above control levels (304 and
252μmolCO2mol�1, respectively), supporting that in most
cases, the reductions in PN for wheat in waterlogged soil were
not the result of reduced Ci. Thus, declines in gs were likely a
response to increased Ci. During long-term waterlogging,
factors such as decreases in chlorophyll (Fig. 3c) or other com-
ponents of the photosynthetic apparatus as a result of N
deficiency and/or negative feedback from carbohydrate accu-
mulation would be likely causes of reduced PN, although in
some situations, possible damage to leaves potentially from

Figure 3. Net photosynthesis (PN, a), intercellular CO2 (Ci, b) and total chlorophyll (c), in youngest leaf or flag leaf of wheat in waterlogged soil, as
percent of drained controls; PN (n= 65) during 1–34 d of waterlogging, Ci (n= 23 and 24) and chlorophyll (n= 17 and 36) during short-term (1–3 d) or
long-term (7–21 d) soil waterlogging. This summary figure was compiled from data extracted from peer-reviewed literature (data values, key
experimental conditions and references are in Supporting Information Table S4). Boxes are 50% of the observations with the median shown as the
horizontal line within the box, and bars are 1 and 99 percentiles. Median values of Ci of controls and short-term and long-term waterlogging were 251,
252 and 304 μmolmol�1, respectively. Ci was estimated as Ci = 385 μmolmol�1 (as atmospheric CO2)� (PN/gs) (Long & Bernacchi 2003). Different
letters indicate significant differences between medians of short-term versus long-term waterlogging (Mann–Whitney test, P< 0.05). ** Significant
differences from 100% (Wilcoxon signed rank test, P< 0.01).
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ROS or phytotoxins (Fe2+ or Mn2+) might also contribute.
Interestingly, high nutrient application reduced the negative
effect of waterlogging on PN in two experiments (Huang
et al. 1994b; Wu et al. 2014). The positive effect on PN of im-
proved mineral nutrition supports that leaf N deficiency in
concert with feedback from increased sugar concentrations re-
presses PN during waterlogging (Paul & Driscoll 1997). When
measuring the effect of waterlogging on PN, Ci values should
be provided in order to aid interpretations.

Declines in PN when wheat is waterlogged are highly
variable (Fig. 3a), and differences in environmental factors
(e.g. temperature and evaporative demand) would contrib-
ute to this large variation. Studies designed to evaluate
genotypic differences showed less variation, such as the fol-
lowing: (1) Musgrave (1994) was unable to detect a
waterlogging × genotype interaction in eight genotypes,
and (2) waterlogging-tolerant varieties only showed slightly
higher PN rates than sensitive varieties, that is, PN relative
to drained controls was 87% versus 76% and 89 versus
86% in two pairs of waterlogging-tolerant and waterlogging-
sensitive varieties, respectively (Huang et al. 1994b; Zheng
et al. 2009).

Waterlogging adversely affects shoot nutrient
levels in wheat

One of the first visible signs of waterlogging stress is acceler-
ated leaf chlorosis (Fig. 3c) preceding early leaf senescence
(Trought & Drew 1980a; Samad et al. 2001). The early
yellowing of basal leaves of wheat during waterlogging has
been linked to the remobilization of N from old to new leaves
(Trought & Drew 1980b; Stieger & Feller 1994a). Our meta-
analysis of previously published data (references in Supporting
Information Table S6) on shoot nutrient concentrations for
wheat inwaterlogged soils highlights N deficiency as a key issue
(Fig. 5a). Decreases in shoot nutrient concentrations with
waterlogging duration are due to both decreased nutrient accu-
mulation in the shoot (less uptake and transfer from the roots)
and continued shoot growth, which results in some ‘dilution’ of
the nutrients already present through increased shoot size.

The impact of nutrient deficiency on wheat in waterlogged
soil, or hypoxic nutrient solutions, has been tested by increas-
ing the availability of nutrients, and reviewed elsewhere
(Colmer & Greenway 2011). Although shoot growth responds
positively to increased nutrient supply, DM remained lower
than aerated controls even when wheat was grown in
N2-flushed solutions with high nutrient concentrations
(Barrett-Lennard et al. 1988), so other factors (e.g. regulation
of the root:shoot ratio via hormonal changes in the plant) must
also limit shoot growth of these plants with impaired root
growth (Colmer & Greenway 2011).

Possible toxicity to shoots of microelements

Observations of responses to soil waterlogging of wheat geno-
types characterized as waterlogging-tolerant in Mexico (Van
Ginkel et al. 1991; Boru et al. 2001) but not in Australia
(Condon 1999; Setter et al. 1999) raised questions of how soil
chemistry affects waterlogging tolerance in wheat (Setter et al.
2009; Yaduvanshi et al. 2012). Some authors have argued for in-
creased evaluation of ion toxicity tolerances and breeding for
tolerance to Fe2+ and Mn2+ to improve growth of wheat in
some waterlogged soils (Setter et al. 2009; Shabala 2011;
Khabaz-Saberi et al. 2012). Increased concentrations of Fe2+

andMn2+ in the shoots of wheat during waterlogging have been
reported (Stieger & Feller 1994a; Khabaz-Saberi et al. 2005;

Figure 4. Changes in photosynthesis (ΔPN) versus changes in
stomatal conductance (ΔgS) upon waterlogging of wheat for short
(1–3 d, n= 26, a) and long (7–21 d, n= 44, b) durations. This summary
figure was compiled from data extracted from peer-reviewed literature;
the numbers next to each data point refer to the data source (data
values, key experimental conditions and references are in Supporting
Information Table S5). Spearman rank correlation coefficients and
P values are presented in each panel.
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Setter et al. 2009; Khabaz-Saberi et al. 2010a; Khabaz-Saberi
et al. 2012), but others have failed to confirm microelement
toxicity (diagnosed by shoot concentrations) prevailing in
wheat during waterlogging (Trought & Drew 1980a,
1980b; Stieger & Feller 1994b; Steffens et al. 2005). Shoot

concentrations of other microelements either showed negli-
gible response to waterlogging (Cu, Zn and B) or, to our
knowledge, have not been investigated for wheat (Ding &
Musgrave 1995; Khabaz-Saberi et al. 2005; Setter et al.
2009). In the case of strongly acidic soils that become

Figure 5. Shoot nutrient concentrations in wheat during soil waterlogging (WL). (a) N (n= 35) and K (n= 11) and (b) P (n= 11), Mg (n= 6) and Ca
(n = 11) in wheat (28 genotypes) after waterlogging in 11 different soils. In (a) and (b) boxes are 50% of the observations with themedian shown as the
horizontal line within the box, and bars are 1 and 99 percentiles. Red horizontal lines display the critical whole shoot value for nutrient deficiency in
wheat at Feeke’s scale 5–7; plant age was 23–155 d at sampling (Snowball & Robson 1991; Reuter 1997). The median concentration of N [15.8mg g�1

dry mass (DM)] is significantly lower than the critical deficiency level (37mg g�1 DM) (Wilcoxon signed rank test, *P< 0.05; ****P< 0.0001). Data
are from experiments in pots of soil or in field situations withwaterlogging periods of 7–49 d and shoots sampled duringwaterlogging (recovery periods
not included). In (c), shoot concentrations ofmicronutrientsMn (n= 65, median = 135, grey line; these median values were significantly lower than the
toxicity threshold, P< 0.0001) and Fe (n= 65, median= 209, grey line) of wheat in drained soil and after waterlogging for 2–86 d in 16 different soils.
Closed symbols indicate experiments conducted on acidic soils (pHCaCl2< 4.8), open symbols indicate pHCaCl2> 4.8. Different letters denote significant
differences (P< 0.05) between shootmicronutrient concentrations in controls andWLconditions (Mann–Whitney test). The blue horizontal line displays
the critical value forMn toxicity in whole shoots, 37 d after sowing (Reuter 1997). Plant agewas 26–70 d at sampling. No critical value for Fe toxicity could
be found forwheat, but upper sufficiency level is 100 and 300mgkg�1DM forwhole shoots and young leaves, respectively (Mills et al. 1996; Reuter 1997).
Mn concentration median is significantly lower than critical levels for toxicity (Wilcoxon signed rank test, P< 0.05). This summary figure was compiled
from data extracted from peer-reviewed literature (data values, key experimental conditions and references are in Supporting Information Table S6).
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waterlogged, genotypic differences in Al tolerance are of
importance for growth of wheat (Khabaz-Saberi & Rengel
2010; Khabaz-Saberi et al. 2012).
Our meta-analysis of published shoot concentrations of Mn

andFe forwheat inwaterlogged versus drained soils shows that
shoot Mn concentrations did not increase significantly from
drained controls (Fig. 5c; references in Supporting Information
Table S6); some studies even found decreases in shoot Mn
(Trought & Drew 1980b; Steffens et al. 2005; Khabaz-Saberi
& Rengel 2010) contrasting with others that showed Mn accu-
mulation (Khabaz-Saberi et al. 2005; Setter et al. 2009). Mn and
Fe accumulated to high levels mainly when wheat became wa-
terlogged in strongly acidic soils (pHCaCl2 = 4.1–4.8).
Possible adverse effects of microelements in shoots might be

assessed from tissue concentrations where critical values for
toxicity have been established for tissues and species (Reuter
1997). For wheat, Reuter (1997) lists critical values for Mn tox-
icity from several sources (range of 160–1100mgkg�1 DM) but
no critical value for Fe toxicity in wheat. The wide range of Mn
critical toxicity values highlights the uncertainty of this ap-
proach. In our meta-analysis, we tested published shoot Mn
concentrations against a toxicity threshold of 380mgkg�1

DM, which is the toxicity value (Reuter 1997) for 37-d-old
plants (Mn concentrations in Fig. 5c are from 26- to 70-d-old
plants) and this value according to Reuter (1997) also summa-
rizes the array of published tissue tests available for wheat and
hence is a suitable benchmark to diagnose shoot nutrient disor-
ders at mid-late tillering stage. Our analysis shows that the Mn
toxicity threshold is only reached on very few occasions, which
were for wheat when waterlogged on strongly acidic soils, and
that the median of shoot Mn concentrations is significantly
lower than the toxicity threshold (Fig. 5c). Interestingly, Setter
et al. (2009) considered 100mgFekg�1 DM to be toxic for
wheat, but the basis of this value was unclear, as Reuter
(1997) does not list a Fe toxicity value for wheat. Thus, shoot
critical values for toxicity of Fe in wheat need to be established
in order to further evaluate the shoot Fe concentrations com-
piled in Fig. 5c.
A strong case for the importance of microelement toxicities

in wheat during 40d of waterlogging on strongly acidic soils
(pHCaCl2 = 4.1–4.3) was that varieties tolerant to high Fe and
Mn (and also Al) had 32–53% higher relative shoot DM
compared with regular varieties (Khabaz-Saberi & Rengel
2010) and subsequently also yielded better (Khabaz-Saberi
et al. 2012). However, the better shoot growth of the
microelement-tolerant varieties on waterlogged acidic soils
in Khabaz-Saberi et al. (2012) contrasts with the same
microelement-tolerant and microelement-intolerant varieties
evaluated in waterlogged acidic soils for which no difference
was found (Setter et al. 2009). Here, Mn-tolerant Norquay
(Khabaz-Saberi et al. 2010b) waterlogged for 49d in a
strongly acidic soil (pHCaCl2 of 4.7) showed similar intermedi-
ate waterlogging tolerance as Mn-intolerant Columbus (see
fig. 2 in Setter et al. 2009), so Mn tolerance does not necessar-
ily determine waterlogging tolerance even on acidic soil, or
perhaps, other toxicities (e.g.Al or Fe) were affecting shoot
growth in this study (Setter et al. 2009). That shoot Fe
concentration during waterlogging can be a poor indicator of

microelement stress is reflected by Fe tolerant varieties having
higher Fe shoot concentrations than Fe-intolerant ones
(Khabaz-Saberi & Rengel 2010; Khabaz-Saberi et al. 2012).

In summary, microelement toxicity likely impacts on wheat
whenwaterlogged in someacidic soils, but the shootmicronutri-
ent data available indicate that the problem is secondary to the
main effect of O2 deficiency impeding root growth. This conclu-
sion is limited by the apparent lack of reliable shoot Fe critical
concentrations for toxicity in wheat. Furthermore, whether
tolerance to high soil microelements during waterlogging is
governed by ‘exclusion’ from the roots and shoots and/or by
‘tissue tolerance’ of high concentrations within cells cannot be
concluded at present and requires additional research.

Summary

Waterlogging reduces shoot growth of wheat, reflecting the
constraints on roots. The large variation in growth reductions
(Fig. 1) results from variable conditions (see Environmental
Parameters Influencing Wheat Waterlogging Responses
section), but also genotypic differences in tolerance as
highlighted within some experiments. Waterlogging results in
shoot N deficiency (Fig. 5a), which likely contributes to re-
duced growth. Tissue sugars often increase, despite reductions
in PN and reduced leaf area, as sugar consumption declines
owing to slow root and shoot growth. Ci in leaves of water-
logged wheat is often similar to, or even exceeds, levels in
drained controls, indicating non-stomatal limitations determine
rates of PN, including possible down-regulation by high sugars.
Direct adverse effects ofmicroelements on shoot tissues appear
to occur only for wheat in some acidic soils when waterlogged.

RECOVERY FROM TRANSIENT WATERLOGGING
AND GRAIN YIELD

Recovery of wheat seminal and adventitious root
growth following waterlogging

Most experiments investigating the effects of waterlogging on
plants have not included a recovery period (Malik et al. 2002;
Striker 2012), with a few exceptions and also several evalua-
tions of crop grain yields following transient waterlogging.
Recovery of wheat involves allocation of carbon to roots after
waterlogging (Malik et al. 2001, 2002) and hypoxia (Araki
et al. 2012b) for preferential root growth to reestablish a root:
shoot ratio typical of plants in drained soil (fig. 7 in Malik et al.
2002). This preferential resource allocation to root growth
would be a major reason explaining the reduced shoot growth
following a period of waterlogging (Malik et al. 2002; Robertson
et al. 2009). The bulk of the recovery growth is by adventitious
roots (main axes and laterals) that resume extension, as
seminal root apices (and much of the other tissues of seminal
roots) can die within 3–4 d of waterlogging (Malik et al. 2002).

Recovery of the seminal root growth after 3d of waterlogging
resulted in structural DM during 25d of recovery reaching a
modest one-third to one-half of that of drained controls, and
there was no recovery growth of seminal roots after 14d of
waterlogging (Malik et al. 2002). This was related to the death
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of the apical meristems at the end of the low porosity seminal
roots, and the low ability to form new lateral roots from the sur-
viving basal portions of the seminal roots, as illustrated also by
pruning of distal portions of seminal roots of 13- to 20-d-old
wheat in aerated nutrient solution (Malik et al. 2002). By
contrast, new laterals did form for 16-d-old wheat after 10d
growth in N2-flushed nutrient solution and return to aerated so-
lution (Barrett-Lennard et al. 1988). As temperature and plant
age were similar, the difference could be due to quiescence of
lateral initials during the period ofO2 deficiency, whichwas then
subsequently released, or to the different genotypes used and is
an interesting parameter to study further in a greater number of
wheat genotypes. A study comparing seminal root lateral for-
mation in 11 genotypes after 72 h of anoxia showed that number
of laterals per cm main root varied from 0.28 to 2.61, and that
most lateralswere formed on roots that had lost their elongation
potential during anoxia, presumably reflecting the loss of apical
dominance, and thus correlated negatively with anoxia and
waterlogging tolerance (Goggin & Colmer 2007). Recovery
growth was also evident when six wheat genotypes were grown
in hypoxic (5%O2) nutrient solutions for 21d followed by 7d of
re-aeration; although total length of laterals was reduced signif-
icantly in all genotypes during the hypoxia, this parameter re-
covered to 80% to 100% of control levels after 7d re-aeration
(Huang et al. 1994a). Recovery growth, however, did not occur
for two wheat genotypes in stagnant agar solution for 14d; root
tips became flaccid and brown, and the seminal root FMdid not
increase upon re-aeration for 7d (Watkin et al. 1998). The
generally poor re-growth of the seminal roots of wheat high-
lights the importance of adventitious root growth after water
subsides. This was further supported by Kuiper et al. (1994)
showing that adventitious roots’ contribution to nutrient uptake
increased dramatically during hypoxia and recovery, compared
with the seminal root system.

In contrast to seminal roots losing their ability to re-grow
within days of waterlogging, the tips of adventitious roots
remained alive and resumed extension upon re-aeration after
21d of waterlogging (Malik et al. 2002), 14d in stagnant
deoxygenated agar (Watkin et al. 1998) or 10d in N2-flushed
nutrient solution (Barrett-Lennard et al. 1988), most likely
due to a continued aeration of the roots tips via aerenchyma
connected to the shoot (see Internal-O2 Supply Determines
Root Growth in Waterlogged Soils section). The continued
growth/survival of the adventitious roots resulted in a greater
proportion of root mass than the seminal roots after 14 d of
waterlogging, and this difference was even more pronounced
after 14d of recovery (Trought & Drew 1980a).

During waterlogging or nutrient solution hypoxia, sugars
(especially fructans) accumulate in wheat shoots and roots
(see Substrate Supply section in Anoxia Tolerance of Wheat
Roots section). When transferred back to aerated conditions
from O2-deficient nutrient solutions, wheat roots (measured
for adventitious roots or for entire root systems) showed
increased respiration rates compared with both continuously
aerated controls and the previous anoxic period (Albrecht &
Wiedenroth 1993, 1994; Huang & Johnson 1995; Boru et al.
2003; Araki et al. 2012b); for example, respiration of 20mm ad-
ventitious root tips increased in one variety to 32% above

controls following 21d of hypoxia (Huang & Johnson 1995).
The increase in respiration of roots upon return to aerated con-
ditions is most likely due to increased biosynthesis, supported
by consumption of the stored carbohydrates (Albrecht et al.
1993). Much of this substrate seems to be used upon root re-
growth (Albrecht & Wiedenroth 1993; Malik et al. 2002), as
root relative growth rates can be 30–40% higher after hypoxia
compared with plants in continuous aeration/well-drained con-
ditions (Barrett-Lennard et al. 1988; Malik et al. 2001). Photo-
synthetic rates of wheat were able to recover within 3–14d
upon soil drainage and re-entry ofO2 into the root zone (Malik
et al. 2001; Shao et al. 2013), but recovery of shoot growthmight
be limited by N supply (see Nutrient Uptake section in How
Does O2 Deficiency Affect Wheat Root Functioning section).

Reactive oxygen species defense systems in wheat
roots during re-aeration

When water recedes and O2 re-enters the soil and root tissues,
the formation of ROS (e.g. superoxide, hydroxyl radicals,
singlet oxygen and hydrogen peroxide) might especially
damage cell membranes. ROS production is a consequence of
a low energy charge, high level of reducing equivalents and
saturation of the mitochondrial electron transport chain,
favouring electron leakage to O2 upon re-aeration (Blokhina
et al. 2003). ROS can be detoxified by defense mechanisms in-
cluding enzymes (e.g. superoxide dismutase (SOD)) and anti-
oxidants (e.g. ascorbate (ASA) and glutathione (GSH)). The
effect of O2 deficiency on the antioxidant system is species-
specific (Blokhina et al. 2003); in the following paragraph, the
responses in wheat roots are discussed. The recovery of exten-
sion of adventitious roots near their maximum lengths (i.e. with
very low O2 at the tips during waterlogging) indicates that, if
ROS increased during re-aeration, any damage was either con-
trolled or repaired as growth resumed.

In wheat seedling roots subject to re-aeration upon 3–8d of
O2 deficiency, reduced glutathione (GSH) and ascorbate
(ASA) became oxidized to dehydroascorbate (DHA) and
oxidized glutathione (GSSG), pointing to increased oxidative
stress (Albrecht & Wiedenroth 1994; Biemelt et al. 1998;
Blokhina et al. 2000) as did excised roots subjected to cycles
of 16 h anoxia/8h re-aeration during the third period of anoxia,
defined as a GSH:total glutathione factor below 0.9 (Goggin &
Colmer 2005). Duration of O2 deprivation prior to re-aeration
influences the degree of ROS production and plant response
because of the following: (1) root H2O2 levels upon re-aeration
increased with duration (2, 4 and 8d) of the previous anoxic pe-
riod (Biemelt et al. 2000), (2) three cycles of 16 h anoxia were
necessary for the glutathione pool to become significantly re-
duced in roots (Goggin&Colmer 2005) and (3) lipid peroxida-
tion in roots occurred after 6 d of anoxia (Albrecht &
Wiedenroth 1994) in contrast to rather short (16h) anoxia pe-
riods (Goggin & Colmer 2005). Wheat roots exposed to
prolonged O2 deficiency showed reduced, or at best similar, ac-
tivity of ROS scavenging and antioxidant replenishing enzymes
(glutathione reductase, GR; ascorbate peroxidase, APX; CAT;
SOD) during the anoxia period (Albrecht &Wiedenroth 1994;
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Biemelt et al. 1998, 2000; Goggin & Colmer 2005), with some
increased activities (e.g.APX and GR activities) during re-
aeration (Biemelt et al. 2000; Goggin & Colmer 2005). These
experiments used sudden shifts from anoxia back to aeration,
whereas soil O2 might increase more gradually upon drainage,
for example, 10d for redox potential to increase to ≥400mV
(Thomson et al. 1992; Malik et al. 2001). So, whether the sud-
den changes in controlled experiments possibly cause higher
ROS formation than might occur under a slower change in
O2 supply should be evaluated. Hypoxic pre-treatment prior
to anoxia can induce theROSdefense system, such as a 2.5-fold
increase in total glutathione whereas it declined to 50%
during anoxia (Goggin & Colmer 2005). To our knowledge,
ROS defense systems have not been compared among a
substantial set of wheat genotypes when exposed to low O2

stress and/or re-aeration, so potential variation in this aspect
remains to be assessed.

Effects of transient waterlogging on grain yield of
wheat

Waterlogging tolerance is by agronomic definition a high
grain yield under waterlogged conditions or following a tran-
sient waterlogging and could refer to absolute yields or be rel-
ative to control plants/plots in non-waterlogged conditions.
Our meta-analysis of data on the effect of waterlogging on
yield of wheat shows a median yield depression to 57% of
controls (Fig. 1, references in Supporting Information Table
S2). In some cases, a low grain yield reduction due to
waterlogging (15–27% reduction of drained controls) can
merely reflect low yield potential under drained conditions
(e.g. 3 of 15 varieties tested by Collaku & Harrison 2002),
making such genotypes of low priority for growers but poten-
tially valuable for breeding if the tolerance has a physiological
basis (Collaku & Harrison 2002). Because shoot growth is pri-
marily affected through reduced tillering, waterlogging re-
duces the number of spikes per square metre (Watson et al.
1976; Cannell et al. 1984; Belford et al. 1985). However, tiller
production during recovery may alleviate this effect if
waterlogging does not occur too late and N is available for
recovery growth (Cannell et al. 1984; Robertson et al. 2009). Be-
sides a reduced number of spikes per squaremetre, waterlogging
can also reduce grain number per spike and individual grain
weight, all these reducing grain yield (Araki et al. 2012a; de
San Celedonio et al. 2014).
The timing of waterlogging determines which yield compo-

nents are affected themost inwheat.Waterlogging at early veg-
etative stages reduces tillering and hence spikes per plant,
waterlogging at anthesis stage can reduce numbers of florets
and hence grains per spike andwaterlogging during grain filling
can reduce weight of individual grains (Belford et al. 1985;
Sayre et al. 1994; Araki et al. 2012a; Powell et al. 2012; Shao
et al. 2013; de San Celedonio et al. 2014; Marti et al. 2015). A
similar pattern of plant stage and the yield component affected
has been reported for the effect of drought stress on wheat
(Powell et al. 2012). Short waterlogging periods of 1–3d
can result in long-term detrimental effects on both growth

(Malik et al. 2002) and yield of wheat (Sharma & Swarup
1988; Melhuish et al. 1991). However, under some conditions
(4–12 °C), wheat can recover from prolonged waterlogging
(42 to 80d) with yields achieving 82–96% of controls (Cannell
et al. 1980; Belford 1981; Belford et al. 1985). Temperature or
soil type differences might explain these huge differences in
responses of wheat between some studies (see Environmental
Parameters Influencing Wheat Waterlogging Responses
section).

Wheat might suffer N deficiency during waterlogging, which
if it persists, would also be detrimental to recovery growth and
grain yield (Watson et al. 1976; Cannell et al. 1980; Setter 2000;
Robertson et al. 2009). Additional N fertilizer after
waterlogging reduced grain yield loss by 20% for wheat in pots
of soil (Robertson et al. 2009). However, if roots have suffered
substantial dieback, then N application after waterlogging
might not result in substantial yields (Setter 2000). Foliar
spraying of N might not be practical in most situations, but
wheat that received foliar N during 6d of waterlogging after
anthesis had smaller declines in grain number per spike and
in individual seed weight (Wu et al. 2014).

Yield responses depend on the developmental stage when
waterlogging occurs. For wheat, waterlogging was most
damaging during pre-emergence, killing seeds and/or very young
seedlings (Setter & Waters 2003). Effects of waterlogging on
seeds or emerging seedlings are a result of complete submer-
gence, as water near the soil surface could inundate all tissues
of seeds/seedlings during emergence, including the coleop-
tiles; for discussion of submergence versus waterlogging, see
Bailey-Serres & Voesenek (2008) and Colmer & Voesenek
(2009). In contrast to rice, wheat seeds cannot germinate un-
der anoxic conditions (Perata et al. 1992). Inability of anoxic
wheat seeds to break down starch into sugars contributes to
their lack of germination; provision of exogenous sugars re-
sulted in 84% germination but still only enabled a few
millimetres of root elongation and no coleoptile growth in an-
oxia (Perata et al. 1992).

After germination and emergence, the two other stages at
which waterlogging is most detrimental for wheat yields are
at the seedling stage and at anthesis (Setter & Waters 2003).
Waterlogging periods of 15 to 20d imposed on two varieties
in five consecutive periods (three vegetative and two reproduc-
tive stages) along the crop life cycle with drainage and recovery
after each waterlogging period showed the highest yield penal-
ties occurred when waterlogging was applied during stem elon-
gation to anthesis (de San Celedonio et al. 2014). However, the
stage at which yield of wheat is most affected seems to depend
on a combination of variety and environmental conditions. The
highest yield reduction was found at post-anthesis waterlogging
due to impaired grain filling caused by earlier leaf senescence
and shortening of the grain filling period (Araki et al. 2012a),
rather than at anthesis as described by de San Celedonio et al.
(2014). Environmental effects causing higher waterlogging sen-
sitivity at later than at early developmental stages could be
higher temperatures leading to faster O2 depletion, a higher
evaporative demand during the warmer late-season conditions
and plant factors such as large reductions in root:shoot ratio that
could occur in these older plants.
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Interestingly, a significant genotype by waterlogging
timing interaction was found when analysing yield reduc-
tions in 16 spring wheat varieties waterlogged at five dif-
ferent developmental stages for 28–42d. A remarkable
example was for a Chinese genotype, which achieved grain
yield of only 18% of control when waterlogged for 28d at
first node to mid-boot stage, but grain yield was 93% of
control when waterlogged for the same duration at anthesis
to grain filling stage; in several other varieties, yield reduc-
tions at these two stages were similar (e.g. 49% and 54%
of controls in one variety, Sayre et al. 1994). The contrasting
responses were proposed to reflect genotype breeder selec-
tion for better adapted materials to the different onsets of
waterlogging that prevail in different climates, for example,
late-season waterlogging in Southern China and Argentina
compared with earlier waterlogging events in Mexico (Sayre
et al. 1994). Chinese and Argentinean varieties better toler-
ated waterlogging at reproductive stages (93%, 84% and
82% of controls) compared with Mexican varieties that
were superior at early stages but showed large reductions
during reproductive stage waterlogging (66–88% of con-
trols). Even though selection specifically for waterlogging
tolerance may not have been conducted, tolerance may
have been incorporated in the germplasm by selection for
yield in the specific environments/agroecological systems.
Similarly, it has been suggested that waterlogging tolerance
in winter wheats may have been indirectly selected for when
breeding varieties in the UK for increased winter hardiness
(Dickin et al. 2009).

Grain quality of wheat impacted by waterlogging has been
considered in few studies. Waterlogging can decrease grain
protein content, consistent with the earlier described shoot
N deficiency (Fig. 5a), and thus affect processing quality
(Olgun et al. 2008; Ashraf 2013), although this also varied
between genotypes (Setter 2000). Individual grain weight,
also a quality parameter, has been shown to decrease
significantly (single grain weight 17% of controls) when
waterlogging occurred during late developmental stages, such
as during grain filling (Araki et al. 2012a; de San Celedonio
et al. 2014).

Summary

During recovery periods, growth mainly takes places in ad-
ventitious roots as root:shoot ratio is restored, while seminal
root re-growth is poor due to death of apical meristems and
low formation of laterals. Root re-growth is fuelled both by
sugars accumulated during waterlogging and by subsequent
recovery of photosynthesis. The high substrate demand by
the root system hampers shoot growth, eventually reducing
grain yield. Shoot N deficiency may also cause a decline in
grain yield and quality. Wheat cultivars differ in their
waterlogging tolerance according to their growth stages. This
is of importance to cultivation in fields prone to flooding at
different times, and for design of screening and breeding
strategies aimed at improvement of waterlogging tolerance
in wheat.

CONCLUSIONS AND OUTLOOK

Root growth and physiology in wheat are adversely affected by
soil waterlogging, the magnitude of which depends on geno-
type, plant developmental stage and the prevailing environ-
mental conditions (especially soil type and temperature).
Genotypic variation is evident for some root responses to low
O2, such as seminal root survival in short-term anoxia, adventi-
tious rooting and amount of aerenchyma and recovery growth
of lateral roots post-anoxia. Anoxia tolerance of genotypes is
not related simply to ethanolic fermentation rates; further re-
search should evaluate energy requirements for maintenance
of anoxic roots and whether differences in efficiency of energy
use contribute to anoxia tolerance in wheat. Ability for sugar
transport via phloem to root apices during hypoxia and anoxia
should also be assessed. Genotypes differ both in the numbers
of adventitious roots formed and the porosity (i.e. amount of
aerenchyma) and thus internal movement of O2 into and along
the roots. Even for these acclimated adventitious roots, O2 be-
comes limiting at the root tip when relatively short, as porosity
is moderate and O2 is consumed in respiration and lost radially
to the rhizosphere, so that growth ceases. Energy-dependent
ion transport is inhibited, resulting in a restricted nutrient up-
take and translocation to the shoots. Tissue sugars often in-
crease, despite declines in photosynthesis, as demand for
sugars is markedly reduced when growth is inhibited. N defi-
ciency in shoots contributes to reduced growth during
waterlogging, and would slow recovery growth. Mn or Fe
toxicity can impact on wheat when waterlogged in some
strongly acidic soils. Following waterlogging, adventitious root
growth resumes and lateral roots possibly emerge from some of
the remaining seminal roots. Ability to recover upon drainage
following waterlogging is important for yield.

Identification of quantitative trait loci (QTL) associated with
waterlogging tolerance in wheat (e.g.Ballesteros et al. 2014)
opens up avenues, with further work, for possible marker-
assisted selection and discovery of underlying genes. For sub-
mergence tolerance of rice, a very different situation to soil
waterlogging of wheat with shoots in air, identification of the
group VII ethylene response factor (ERFVII) transcription fac-
tors, and more specifically the SUB1A locus, has transformed
rice breeding for submergence tolerance (Mackill et al. 2012).
Such transcription factors regulating coordinated expressions
of stress-responsive genes, if identified also for roots in water-
logged conditions, might be deployed for crop breeding
(Bailey-Serres et al. 2012). Recent work using RNA interfer-
ence has modulated in barley an ERFVII that is a substrate of
the N-end rule pathway, with these transgenic plants showing
improved waterlogging tolerance (Mendiondo et al. 2015).

We suggest three priority areas for research on traits that
could contribute to breeding of more waterlogging-tolerant
wheat varieties: (1) internal aeration of new adventitious roots,
(2) N deficiency of the shoot and (3) recovery ability following
transient waterlogging. Progress in research on root aeration in
crops is worthwhile to highlight. Identification of a QTL for
root porosity (as a surrogate for aerenchyma) in barley
(Broughton et al. 2015) is of interest to explore also for wheat.
Moreover, microarray analyses of laser micro-dissected root
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tissues of maize (Rajhi et al. 2011) and rice (Shiono et al. 2015)
have identified candidate genes for aerenchyma (maize) and
ROL barrier induction (rice). Use of wild relatives, such as
H.marinum for wheat (Malik et al. 2011) andZea nicaraguensis
for maize (Mano et al. 2007; Abiko et al. 2012; Mano & Omori
2013), to introduce some traits (e.g. root constitutive aeren-
chyma and a ROL barrier) could improve waterlogging toler-
ance, and these wide-crosses also provide novel resources for
gene discovery. Knowledge of genome sequences (e.g.wheat,
IWGSC 2014) will aid translation of findings to wheat. The N
deficiency in wheat owing to waterlogging could also be ad-
dressed both by seeking improved adventitious root nutrient
uptake during waterlogging and possibly also targeting N-use
efficiency in wheat, which is also being sought for other reasons
(e.g. Jackson& Ismail 2015). Finally, much remains to be learnt
regarding recovery of root growth following anoxia and
waterlogging, and whole-plant recovery more generally, both
of which show some apparent genotypic variation in wheat.
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Additional Supporting Information may be found in the online
version of this article at the publisher’s website.

Table S1. Wheat growth from studies where wheat was grown
in soil under waterlogged (water at soil surface unless other-
wise stated) and drained conditions and recording both shoot
and root dry mass (DM), allowing for root:shoot ratio calcula-
tion. Values are % reduction from controls [1-(waterlogged/
drained)]. When multiple nutrient-levels were used we refer
to the lowest. Wl=waterlogged, DAS=Days after sowing.

Table S2.Grain yield reductions from studies where wheat was
grown in soil under waterlogged (water at soil surface unless
otherwise stated) and drained conditions. Values are % reduc-
tion from controls [1-(waterlogged/drained)]. When multiple
nutrient-levels were used we refer to the lowest.
WL=waterlogged, DAS=Days after sowing.
Table S3. Summary of average root porosity (POR) or
aerenchyma (AER) in wheat roots of different varieties, plant
age, growing media to induce hypoxia, hypoxia/waterlogging
duration, type of root (seminal and/or adventitious-nodal).
Table S4. Reductions in photosynthetic rates calculated from
studies where wheat was grown in soil under waterlogged (water
at soil surface unless otherwise stated) and drained conditions.
Values are % reduction from controls [1-(waterlogged/drained)].
All nutrient treatments were included. WL=waterlogged,
DAS=Days after sowing, DAA=days after anthesis.
Table S5. Summary of values/range for photosynthesis (PN)
and stomatal conductance (gs) in wheat under control and
waterlogging conditions used for calculations in Figure 6. In-
formation on waterlogging (WL) duration, variety, PN, gs,
phenological stage during measurements and source are pro-
vided. The numbers in brackets identify the bibliographic
source of each point in Figure 4.
Table S6. Shoot nutrient levels of macronutrients N, P, K,
Mg, Ca, (mg g�1 DM) and microelements Mn, Fe, Zn, Al
(mg kg�1 DM) after soil waterlogging.
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