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Abstract

In the context of climate changes, expected increases in intensity, frequency, and unpredictability of waterlogging events will aggravate wheat
yield losses, currently estimated to range between 20-50%. Wheat production must fulfill ca. 20% of the population’s energy and protein
requirements. Evaluating germplasm with different backgrounds may reveal variability for waterlogging tolerance, allowing a better selection
of genotypes with desirable traits for wheat breeding programs. In this work, the effect of waterlogging on adventitious root emission, tiller
survival and yield was evaluated. Five studied germplasm groups (Portuguese Landraces; Varieties with introduced Italian germplasm; Post-
Green Revolution varieties with introduced CYMMIT germplasm; Advanced Lines from the Portuguese Cereal Breeding Program; Australian
varieties) were studied. Groups exhibited intra and intervariability in all parameters in response to waterlogging imposed in climatized growth
chambers. After 14 days of waterlogging, the number of adventitious roots ranged from 0 to 7.6 plant-1, with 4 Portuguese Landraces depicting
the highest number. The number of living tillers at the end of the stress was highly variable, ranging from reductions of 100% to increases up
to 35%. At harvest, the number of productive tillers significantly differed among genotypes, with reductions reaching 100% in some cases and
increases up to 138% in others. The existence of variability and the identification of key traits underlying waterlogging tolerance will contribute
to develop more adapted wheat plants and to improve wheat yield.

Keywords: Triticum aestivum L.; Portuguese Landraces; Australian varieties, CYMMIT germplasm; Advanced lines; Tillers; Excess water;
Waterlogging

Abbreviations: AdvL - Advanced Lines from the Portuguese Wheat Breeding Program; AR - Adventitious roots; Austrl - Australian varieties;
CP - Main culm; GR - Post-Green Revolution varieties with the introduction of CYMMIT germplasm; IT - Varieties with the introduction of Italian
germplasm; K n? - Kernel number; Pl - Plant; PL - Portuguese Landraces varieties; Prod - Number of productive tillers at the end of the growth
cycle; Prod/Max - Ratio between Number of Productive tillers and Maximal number of emitted tillers; SKW - Single kernel weight; T - Tillers; TO
- beginning of waterlogging treatment; T2 - 2 days of waterlogging treatment; T4 - 4 days of waterlogging treatment; T7 - 7 days of waterlogging
treatment; T7R - 7 days of recovery; T14 - 14 days of waterlogging, end of waterlogging period; T14R - 14 days of recovery; WL - plants subjected
to 14 days of waterlogging; WW - control plants

Introduction

chemical properties [6-8]. As the soil pores fill with water rather
than the gas phase, oxygen concentration is reduced which is
exacerbated by the drastic reduction of gas exchange between the
soil and the atmosphere [8,9]. The remaining oxygen trapped in
the soil is rapidly consumed by root respiration and by microbial
activity in rhizosphere, resulting in hypoxia or even environmental
anoxia. Oxygen concentration is inversely proportional to the
Redox potential (Eh) value [10], and a waterlogged soil typically

As a result of climate change, the increased instability of
rainfall regimes raises the incidence of waterlogging events [1-3].
Such stress currently affects 10 to 15 million hectares of wheat-
growing land, undermining food security as a result of substantial
yield losses (20 to 50%) [4]. This may compromise approximately
20% of the world’s protein and energy needs, actually ensured by
wheat [5]. Waterlogged soil undergoes significant changes in its
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displays a decrease in its Eh. According to [11], a soil with an Eh
close to 0 mV will have an oxygen concentration of approximately
1%, leading plant roots to switch from aerobic to anaerobic
metabolism [8-11]. Thus, roots are the first plant organs to be
affected by hypoxia and anoxia due to waterlogging; resulting in
impaired root functioning and detrimental effects in shoots [12].
Waterlogging susceptible wheat genotypes frequently exhibit
severe metabolic constraints and growth arrest, enhanced leaf/
organ senescence, decreased accumulation and remobilization of
photoassimilates, and, reduced production [13-15]. The decrease
inyield is related with the number of kernels plant?, spikes plant?,
kernels spike?, and the weight of a single kernel, which is reflected
in the thousand kernel weight.

Survival and development of tillers, as well as the ability
to produce new ones, are crucial traits in plants subjected to
waterlogging since they are directly proportional to the number
of spikes per area unit [16], with a direct effect on final yield [17].
Although a decrease in the number of emitted tillers occurs in
some varieties, this does not always reflect a decrease in fertile
ones, indicating some capacity to maintain production in an
energy deficit situation [17-19]. Nonetheless, the preservation of
the number of fertile tillers does not guarantee the maintenance of
yield, as their contribution to the final yield may be affected [16].
Several studies indicate that yield reduction due to waterlogging is
associated with low tillers survival [20-22] reduced fertile tillers,
and reduced kernel size [15,17]. The formation of adventitious
roots in response to waterlogging may be a strategy to reduce
oxygen deficiency, as these roots facilitate gas transport between
submerged tissues and the aerial portion of the plant. In addition,
these morphological adaptations play a decisive role in nutrient
and water uptake during waterlogging, significantly contributing
to survival [8,23] and to maintain productivity. The selection of
potential progenitors in breeding programs largely depends
on the evaluation and understanding of the existing genetic
variability [24,25]. Screening genotypes with distinct genetic
origins may provide the genetic diversity required for breeding
aiming to achieve crop yield stability and resilience in adverse
environments [26,27]. To understand the relationship between
the effects of a stress and its impacts on plant development,
studies conducted under controlled conditions provide the most

reliable and reproducible results [28].

The aim of this work was to evaluate, under controlled
conditions, the effect of 14 days of waterlogging on bread
wheat (Triticum aestivum L.) germplasm with distinct genetic
background. In each genotype, the effect of stress on adventitious
root formation, the number of surviving tillers during stress, after
recovery (7 and 14 days), and the fertile tillers obtained at the end
of the growth cycle, were evaluated. Final yield, kernel number,
and single kernel weight, were also evaluated per genotype,
as well as the contribution of the main culm and tillers in final
yield. Considering germplasm groups, the possible relationships
between the analyzed parameters were studied, along with the
interactions between the ability to emit adventitious roots and the
effects on the analyzed traits. The existence of variability and the
identification of key traits underlying tolerance to waterlogging
will contribute to develop more adapted wheat plants and to
improve wheat yield under a changing climate.

Materials and Methods
Wheat germplasm

The research focused on 23 wheat genotypes (Triticum
aestivum L.) from different origins and belonging to distinct
evolutive or breeding groups (Table 1): five Portuguese Landraces
(PL) from Vasconcellos ancient collection [29]; four varieties
released between 1950-1970 with introduced Italian germplasm
(IT) [30]; four Post Green Revolution varieties released between
1980-1989 with the introduced CIMMYT germplasm, according
to Almeida (2016) [30]; five Advanced lines from the Portuguese
Cereal Breeding Program (INIAV, L.P) and five varieties from
Australian germplasm (Austrl). Certified seeds of each genotype
were provided by the Portuguese Cereal Breeding Program (INIAV,
Elvas, Portugal). Since limited amounts were available, seeds were
multiplied prior to the experiment, to ensure uniform germination
capacity (100%, results not shown) and adequate vigor of plant
material. This step was performed in growth chambers (Fitoclima
10000 EHHF, ARALAB, Portugal) under identical conditions of
temperature (22/15 °C, day/night), irradiance (ca. 800 pol m-?
s1), relative humidity (70/75%, day/night), photoperiod (14 h),
and CO, (400 pL L) in 5 L pots with field-collected loamy clay soil.

Table 1: Bread wheat (T. aestivum L.) germplasm belonging to five distinct groups according to genetic background and origins.

Group Genotype
Alentejano PL-1
Ardito PL-2
Portuguese Landraces PL Mocho Cabegudo PL-3
Mocho de Espiga Quadrada PL-4
Mocho de Espiga Branca PL-5
Restauracao IT-1
Chaimite IT-2

Varieties with introduced Italian germplasm IT

Mara IT-3
Pirana IT-4
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Caia GR-1
Post-Green Revolution cultivars with introduced CIM- GR Nabao GR-2
MYT germplasm Roxo GR-3
Mondego GR-4
Ducula/Gondo//Sokol* AdvL-1
Katunga x (Centauro/Vega)’ AdvL-2
Advanced Lines obtaine_ed through Portuguese Cereal AdvL Kennedy x Roxo® AdvL-3
Breeding Program
KLDR/Pewitl//Milan/Ducula* AdvL-4
GUS/3/Prl/Sara/Tsi/Vee#5/...! AdvL-5
BT-Schomburgk Austrl-1
Excalibur Austrl-2
Varieties from Australian germplasm Austrl Sunvale Austrl-3
Sunlin Austrl-4
Trident Austrl-5

'CIMMYT material; 2Australian x ltalian; *Australian x Portuguese

Growth conditions

Approximately 120 seeds from each genotype were soaked
in water, placed on moist filter paper in Petri dishes (Figure 1A)
and kept at room temperature until the radicle and the first two
lateral seminal roots emerged (Zadoks scale 05 to 06, Z05 to Z06)
[31] (Figure 1B). The newly germinated seeds were then placed
at a depth of 2 cm (Figure 1C) with the germ end facing down, in
5L pots (7 seeds per pot) filled with sieved loamy clay soil. For
each genotype 12 pots (6 for control plants and 6 for waterlogged

plants) were prepared. Plants were grown in walk-in growth
chambers (EHHF 10000, ARALAB, Portugal), under controlled
temperature (22/15 °C, day/night), irradiance (ca. 500-600 umol
m*s7), relative humidity (75%), photoperiod (14 h) and CO, (400
uL L) and maintained with a field capacity of ca. 85% except in
stressed plants during the waterlogging period. The plants were
fertilized weekly with 250 mL ofa 12% N, 4% P, and 6% K solution
(Complesal, Bayer), except during waterlogging, the weeks
immediately preceding and following stress, and the final stages
of maturation.

e B\
Figure 1: Germination for T. aestivum L. seeds for waterlogging studies. A- Petri dish with seeds soaked in water and placed on moist filter
paper with the germ end visually accessible. B -Emergence of the radicle and the 1st pair of lateral seminal roots. C - Sowing with the germ
end facing down, at 2 cm depth.
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Waterlogging imposition

When plants reached the tillering stage (Zadoks scale 22 to
25, 722 to Z25) [31], half of the pots were kept at ca. 85% field
capacity (control plants, WW) and the other half were subjected to
waterlogging (waterlogged plants, WL). This was accomplished by

003

placing pots in plastic containers and flooding them until a water
layer of ca. 0.5 cm was formed above the soil surface. Daily, water
was added with care in order to maintain the water layer without
incorporating air. After 14 days, the water stress was suspended
by removing the pots from the boxes and maintained in the same
conditions as WW plants until harvest.
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Soil Redox Potential (Eh)

Soil reduction-oxidation potential was measured in 1 pot of
each genotype in each treatment, at the beginning of waterlogging
(T0), after 24 h (T1), at 7 days of waterlogging (T7), at the end of
the stress period (T14) and after 7 and 14 days of recovery (T7R
and T14R, respectively). A portable Eh meter (XS-Instruments,
ORP-5, Italy) was used and measurements were performed at 6
cm deep and the value registered after its stabilization (ca. 15
minutes).

Plants Evaluation and Measurements
Adventitious roots

The number of adventitious roots was determined by
examining every plant in every pot at 2, 4, 7 and 14 days following
the onset of waterlogging (T2, T4, T7 and T14, respectively).

Number of tillers

The amount of living tillers was counted at T7, T14, T7R and
T14R in 18 plants per treatment. At the end of the growth cycle,
the number of productive tillers (Prod) was also obtained.

Yield

The impact of 14 days waterlogging in yield (g plant') was
evaluated in plants subjected to this stress as % of control plants at
the end of growth cycle. Plants were harvested and the productive
spikes counted and individually threshed.

Statistical Analysis

Data were analyzed using a two way ANOVA to evaluate the
differences between water treatments (WW or WL), between time
of treatments (TO, T2, T4, T7, T14, T7R, T14R and FC), and their
interaction, followed by a Tukey’s test for mean comparisons.
A 95% confidence level was adopted for all tests, which were
performed independently for each genotype using the software
PAST - Palaeontological Statistics software, version 3, University
of Oslo, Norway. For Pearson correlations, the same software was
used.

Results
Soil redox potential

No differences in Eh values were observed between WW and
WL pots immediately prior to the imposition of waterlogging (TO0).
In the pots that remained at ca. 85% field capacity, no changes
were observed between the observed periods (TO to T14R) with
average values of ca. 400 mV, which is considered an ideal value
for plant development (Figure 2). In contrast, in the flooded
pots an abrupt decrease of Eh (due to the depletion of oxygen),
was observed earlier at T1, which was accentuated (although in
a softer way) in the following days, reaching minimum values
close to 0 mV (even negative in some pots). With waterlogging
suspension and the re-entrance of oxygen into the soil, Eh values
rose, approaching the values of WW pots after 7 days of recovery
(Figure 2).
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Figure 2: Redox potential of the soil in waterlogged (') and control plants ( ) at the onset of waterlogging (T0), after 1 (T1), 7 (T7) and 14
(T14) days of stress and 7 and 14 days of recovery (T7R and T14R, respectively). (n=23).
\ J

Adventitious roots

Considering all genotypes, no adventitious roots (AR) were
observed in plants grown under control conditions. However,
in plants subjected to waterlogging considerable heterogeneity

was detected within genotypes in each group, as well as between
genotypes of the same group (Figure 3). With the exception of the
IT varieties, an early response (T2) in AR formation was observed
in some genotypes of the remaining groups (PL-1, PL-2, GR-2,
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Austrl-1, Austrl-2, Austrl-3, AdvL-1, AdvL-4 and AdvL-5.) (Figures and GR-4) or exhibited a very small number (IT-4, GR-1, GR-3 and
3 & 4). In contrast, AR were not formed in some genotypes (IT-3  AdvL-3) at the end of the stress treatment (T14).

4 N\

M2 adventitious roots

Figure 3: Number of adventitious roots plant-1 induced by waterlogging in 23 genotypes of T. aestivum L. from different origins. (PL)
Portuguese Landraces; (IT) Varieties with introduced ltalian germplasm; (GR) Post-Green revolution varieties with introduced CIMMYT
germplasm; (AdvL) Advanced lines from Portuguese Cereal Breeding Program (INIAV); (Austrl) Australian varieties; Analysis performed at
2,4, 7 and 14 days of waterlogging (T2, T4, T7 and T14, respectively).( n=10-12 plants per genotype).

Figure 4: T. aestivum adventitious roots observed after 2, 4, 7 and 14 days of waterlogging in the AdvL-4 genotype.

. J

Across all analyzed WL periods, the PL-2 displayed the highest ~ (2.1). Another set showed values below 2 AR per plant (PL-4, IT-1,
number of AR per plant in comparison to the remaining genotypes.  Austrl-1, IT-2, AdvL-1 and AdvL-2) Nine genotypes exhibited less
At the end of the WL period (T14), this genotype presented a value  than one AR per plant; Austrl-4, Austrl-5, AdvL-5, AdvL-3, GR-3.1T-
of 7.6 while a set of genotypes ranged from 4-2: Austrl-2 (4.3),PL-1 4, GR-1, IT-3 and GR-4, displayed values close to or equal to zero.
(3.6), PL-5 (3.3), PL-3 (2.9), AdvL-4 (2.6), GR-2 (2.4) and Austrl-3
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Tillers number and fertility

At the imposition of water treatment (T0), WW and WL plants
of all genotypes were in a similar phenological stage (Figure 5),
presenting 2-5 tillers (Z22-Z25) [31]. Regarding WW plants, a
great variability was observed in the average number of tillers
throughout the growth cycle (Figure 5). Although all plants of each
genotype had the same number of tillers at TO, there was some
variation in the tillers’ ability to survive, in plants capacity to emit
new tillers, as well as tillers fertility at harvest (Prod). At T7, the
number of living tillers ranged from 1.4 to 6.5, indicating either
the loss of some tillers (as in Austrl-4, AdvL-1 and AdvL-5) or, in
other cases, the progression of tillering (as in IT-3). This pattern
(reduction or increase in the number of tillers when compared
to TO) was observed in all germplasm groups throughout
observations conducted until the end of the growth cycle (T7, T14,

T7R, T14R, and Prod), with Prod corresponding to grain maturity
of productive tillers (Figure 5). Among germplasm groups, at T7,
the lowest value was found in Austrl while the highest in the IT
group. At T14 the number of tillers barely changed when compared
with T7. As the growing cycle progressed (T7R and T14R), both
the lowest values (1.3-1.7) and the highest values (7.4-7.7)
remained stable, with the first being found in the IT group and
the latter in the PL group. At harvest, there was variability in the
number of productive tillers between genotypes from distinct or
the same germplasm group. Prod values ranged from 0.5 to 1.9
for 12 genotypes and from 2.0 to 4.0 for 10 genotypes, from the 5
studied germplasm groups. Only AdvL-4 and Austrl-3 presented
more than 4 tillers (4.9 and 6.8, respectively). In contrast to
Austrl-3, which displayed the highest Prod value, AdvL-2 showed
the lowest value (0.5).
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Figure 5: Number of living tillers at the beginning (T0), 7 (T7) and 14 days (T14) of waterlogging, at 7 and 14 days of recovery (T7R and
T14R, respectively) and fertile tillers at the end of the growth cycle (Prod) in control (WW) and 14 days waterlogged (WL) plants of bread
wheat germplasm: PL: Portuguese Landraces; IT - Varieties with introduced ltalian germplasm; GR - Post-Green revolution varieties with
introduced CIMMYT germplasm; AdvL - Advanced Lines from the Portuguese Cereal Breeding Program (INIAV); Austrl - Australian varieties.
For each genotype, mean values + SE (n=9-18) followed by different letters (a, b, c) express significant differences between data at different
periods of analysis (TO, T7, T14, T7R, T14R, Prod) for the same water regime (WW or WL), or differences between WW and WL in the same
period (*), for a 95% confidence level. Letter a corresponds to highest values.
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After 7 days of waterlogging (T7), the number of living tillers
in WL plants decreased in IT-1 (38%) and AdvL-4 (43%) (Figure
5), resulting in differences between WW and WL plants with
reductions in IT-1, IT-3, GR-4, AdvL-3 and AdvL-5, while Austrl-4,
AdvL-1 and AdvL-5 exhibited the opposite response with raises by
35, 43, and 61%, respectively. At the end of waterlogging (T14),
AdvL-5 was the only genotype presenting an increased number
of tillers (24%) in WL in relation to WW plants, in spite of 19%
(not statistically significant) decrease in WL plants between T7
and T14, denoting the death of tillers as waterlogging progress.
Despite some variations in the number of tillers, no waterlogging-
induced differences appeared in PL genotypes during this phase.
In contrast, the number of tillers decreased in all genotypes
of the IT group (27% to 84%) as well as in Austrl-1 (23%) and
Austrl-5 (18%). At T14, GR-4 presented no living tillers and AdvL-
4 presented a 90% reduction when compared with WW plants
(Figure 5).

The largest differences between WW and WL plants were
observed after 7 (T7R) and 14 (T14R) days of waterlogging
suspension. At T7R, 17 of the 23 genotypes significantly reduced
the number of tillers (24-100%) whereas at T14R, 18 genotypes
presented reductions between 18-100% (Figure 5). At T7R, WL
plants of the genotypes PL-2 and PL-3, IT-2, Austrl-2, Austrl-4 and
Austrl-5 had identical values to WW, while at T14R, there were
no differences between WW and WL in PL-1, PL-2, PL-3, in the
genotype GR-3, and in Austrl-2. At the end of the growth cycle,
some genotypes exhibited differences in the number of kernel-
producing tillers (Prod) (Figure 5). In the first group, PL-1, PL-2
and PL-5 were unaffected by waterlogging, whereas PL-3 and PL-4
showed 64 and 66% reductions, respectively. All of the genotypes
with Italian germplasm introduction were severely impacted by
water stress, with decreases of 68-88%. After recovery period,

GR-4 was the only genotype in its group to exhibit differences in
WL plants. All tillers died at T14 and it was unable to recover and
produce new tillers by the end of the cycle. Among the Australian-
origin germplasm, Austrl-1 and Austrl-3 were able to recover
from the damage suffered in T14 and during the recovery period,
displaying the same number of Prod tillers as plants not subjected
to waterlogging. The genotype Austrl-4 was negatively affected
with a 55% decrease in Prod tillers, while Austrl-5 and Austrl-2
showed an increase of 144% and 52%, respectively (Figure 5).
These two varieties were the only to exhibit this behavior among
the germplasm of the 5 groups under study. Similar to GR-4, the
AdvL-1, AdvL-4 and AdvL-5 did not recover and exhibited no Prod
tillers by the end of the growth cycle (Figure 5). The remaining
genotypes of this group did not differ in the number of Prod tillers
between WW and WL plants.

Considering that more tillers may result in more spikes at
harvest and that there were differences in tillering capacity among
the genotypes under study, we investigated whether waterlogging
contributed to changes in the Number of productive tillers/
Maximal number of emitted tillers ratio (Prod/Max) (Table 2). In
addition to the observed variability in the number of tillers, the
Prod/Max ratio exhibited differences among genotypes and within
each germplasm group, for both WW and WL plants (Table 2). In
WW plants, PL-4, AdvL-4, Austl-1and Austrl-3 showed values of
1.0 or very close to it, while in 14 of the remaining genotypes, this
ratio was <0.5 (Table 2). As a result of waterlogging, Prod/Max
ratio decreased significantly in 12 genotypes, reaching 0 for GR-4,
AdvL-1, AdvL4 and AdvL-5. In contrast, this ratio increased in 5
genotypes (PL-1, PL-5, GR-3, Austrl-2 and Austrl-5), but was not
affected in seven genotypes, including the two Austrl (Austrl-1
and Austrl-3) with a ratio ca. 1.0 in WW plants.

Table 2: Number of productive tillers/Maximal number of emitted tillers ratio (Prod/Max) in control (WW) and waterlogged (WL) plants of bread
wheat germplasm with distinct genetic background: Portuguese Landraces (PL); Varieties with introduced Italian germplasm (IT); Post-Green
revolution varieties with introduced CIMMYT germplasm (GR); Advanced lines (AdvL) from the Portuguese Cereal Breeding Program (INIAV);
Australian varieties (Austrl); (n=9-18; p<0.05). *Statistical significance between WL and WW for each genotype.

MK, BAS Prod/Max

Genotype ww WL
PL-1 0.28 0.49*
PL-2 0.4 0.21*
PL-3 0.53 0.21*
PL-4 0.99 0.46*
PL-5 0.46 0.56*
IT-1 0.45 0.10*
IT-2 0.43 0.15*
IT-3 0.4 0.19*
IT-4 0.5 0.20*
GR-1 0.33 0.32
GR-2 0.46 0.51
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GR-3 0.28 0.49*

GR-4 0.68 0.00*
AdvL-1 0.56 0.00*
AdvL-2 0.13 0.11
AdvL-3 0.26 0.25
AdvL-4 1 0.00*
AdvL-5 0.8 0.00*
Austrl-1 0.97 1
Austrl-2 0.82 1.00*
Austrl-3 1 1
Austrl-4 0.66 0.33*
Austrl-5 0.24 0.59*

Grain yield

The majority of genotypes exhibited changes in yield due to
waterlogging (Figure 6). The genotype GR-4 was the most affected,
with an 87% reduction in yield, followed by AdvL-4 (77%). With
the opposite trend, AdvL-3 and Austrl-5 increased by 47 and 33%,
respectively, in response to waterlogging. Yield was negatively
affected by stress in the five groups (21 to 87% reductions

occurred in 11 genotypes), but the incidence was highest in the IT
group, where all genotypes showed yield decreases (21 to 71%).
Due to waterlogging, decreases, increases, and even no changes
were observed in the remaining groups (Figure 6). Yield decreases
appear to be related with the observed reduction in the number of
fertile tillers, but only in 8 of these genotypes. In the remaining 3,
decreased fertile tillers did not influence final harvest (Figure 6).

Advl_3
Austrl_5
Austrl_3

GR_2

Austrl_4
GR_1
Austrl_2
Advl_2
GR_3
IT_2

Advl_1
| IT_3
Austrl_1

Advl_5
m1
7—{4—
| Advl 24
GR_4

-100

-75
Impact of waterlogging on yield (3% of control plants)

-50

Figure 6: Impact (% of control plants) of waterlogging on yield (g plant-1) in plants subjected to 14 days of waterlogging of bread wheat
germplasm with distinct genetic background: Portuguese Landraces (PL); Varieties with introduced lItalian germplasm (IT); Post-Green
revolution varieties with introduced CIMMYT germplasm (GR); Advanced lines (AdvL) from the Portuguese Cereal Breeding Program
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Genotypes that responded to stress with an augmented
number of fertile tillers showed a high yield, such as in Austrl-5
(47% yield increase), whereas the higher number of productive
spikes in IT-2 was accompanied by a 21% decrease in yield
(Figure 6). Among the three genotypes that recovered from severe
tillers mortality induced by waterlogging and in the 14 days that
followed, different yield results were observed. So, and despite
having the same number of fertile tillers as the WW plants, Austrl-
1’s yield was reduced by 45%. In contrast, GR-2 was able to achieve
a 17% increase (Figure 6). For genotypes that showed no change
in the number of living and fertile tillers, there was also important
variability in yield (Figure 6). In contrast to the increases observed
in AdvL-3 (47%) and Austrl-3 (33%), PL-2 experienced a 36%
decrease in yield despite a stable number of tillers. For PL-1, PL-5,
GR-1, and AdvL-2, maintaining the number of tillers also resulted
in an unchanged yield (Figure 6).

Discussion

Root features determine plants ability to absorb water and
nutrients for their growth, development and grain production
[8,32,33,34]. Adventitious roots play a crucial role to overcome
nutrient deficiency, providing an increased capacity to adapt
to different environments [35,36]. Given that a greater number
of adventitious roots may help the plant above-ground portion
to better cope with the negative effects of waterlogging [37],
tolerance seems to be closely linked to the ability to generate these
roots [38]. In response to waterlogging, PL and Austrl varieties,
considered the most tolerant among the tested germplasm,
exhibited the largest number of adventitious roots (AR). The PLs
exhibit the genetic heterogeneity of regional varieties [30] and are
part of a wheat germplasm collection [29] that had been grown
for generations in Portugal. These locally adapted cultivars are
considered a valuable source of variability for breeding programs
[27]. As the root system plays a major role in waterlogging
conditions, landraces appear to be a solid option for selecting and
crossing parental genotypes depicting beneficial root features,
aiming the obtention of more adapted ideotypes [27]. In PLs,
the ability to emit AR was accompanied by heterogeneity among
varieties, both in the number of AR and in emission precocity. This
heterogeneity is expected in landraces [27] and constitutes an
asset for breeding programs. In Portugal, wheat breeding program
has gone through several phases. Between 1950 and 1968, the
introduction of Italian germplasm (IT Group) led to the release
of the 1st Portuguese variety (Pirana, IT-4). Since the early 60’s
a strong cooperation with CYMMIT led to the introduction of
germplasm with dwarfism (Rht) genes. Observing also the current
advanced lines from the Portuguese Cereal Breeding Program,
apparently wheat genetic improvement has not led to a loss of
variability in plant root characteristics, namely in root growth
angle [33] or the ability to emit adventitious roots in response
to waterlogging, as suggested by the results of this study. The

observed genotypic variability in AR emission is in agreement with
reported results, where wheat sensitive varieties to waterlogging
had fewer AR than those tolerant to this stress [32,39].

Regarding tiller number, waterlogging generated decreases
(although at different times) in all genotypes, except for PL-1
and Austrl-2, which remained stable. This reduction is consistent
with results reported by several authors [17,19,32,40,41,42,43].
However, variability in response to waterlogging was observed.
Some genotypes showed an early and strong tiller growth arrest at
T7,extended until harvest (IT-1,1T-3, GR-4, AdvL-4), causing severe
yield decreases and denoting no tolerance to waterlogging. Other
genotypes showed a similar pattern but only from T14 onwards,
namely IT-2 and IT-4. Results indicated that all genotypes of IT
group were affected with significant reductions in yield (21-71%).
With the end of waterlogging, 20 genotypes displayed decreased
tillers number at recovery (T7R and/or T14R), suggesting a
deleterious effect when oxygen availability is reestablished. This
might cause the formation of reactive oxygen species (ROS) due
to 02 re-entry in plant tissues, leading to cell membrane damages
[40].

In wheat, tillering can occur during the entire growth cycle
[44]. In this study, 6 genotypes (PL-1, PL-2, Austrl-1, Ausrl-2,
Austrl-3 and Austrl-5) were either unaffected or were able to
generate new tillers, achieving values comparable to those of
the control plants, or even higher, at the end of growth cycle.
According to Xie (2016) [45], tillering ceases just prior to
elongation and the remaining axillary buds become dormant. This
dormancy, however, can be reversed in response to damage to the
main shoot or lodging [46], which is consistent with the observed
results and point to some genotypic variability regarding recovery
ability following waterlogging Decreased tillers viability may also
result from nutrient resources remobilization from late tillers to
primary tillers [47]. Additionally, tillers can serve as reservoirs
of assimilates for the main culm during growth cycle [48]. This
might explain the low tillers value observed in some genotypes
(e.g. AdvL-2), reflecting the death of the majority of tillers even
under controlled conditions and an emphasis on the main culm'’s
major contribution to the final yield. Thus, the number of tillers
is not necessarily an indicator of fertile spikes being produced.
Regarding the Number of productive tillers/Maximal number of
emitted tillers ratio (Prod/Max) found for control plants, values
are consistent with reports from several authors, who described
average mortality rates of 10-80% of all initiated tillers [45,49,50].
Waterlogging strongly influenced the Prod/Max in some genotype,
which reached zero in 4 genotypes, reflecting the mortality of all
emitted tillers, or values <0.5 indicated that half or less of the
produced tillers reached maturity, with drastic repercussions on
yield. Many studies reported reductions of up to 66% of tillers
at maturity when waterlogging was imposed at tillering stage
[18]. Among germplasm considered in the present work, several
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genotypes displayed an increased or unchanged Prod/Max ratio,
denoting a good capacity to invest in fertile tillers, even under
adverse conditions. Robertson (2009) [19] reported that under
waterlogging imposed at tillering, some genotypes reduced the
number of initiated tillers, although at maturity presented similar
values to WW plants. On the other end, some genotypes started
emitting new tillers when waterlogging ended [32].

Yield losses in waterlogged plants ranged from 21% to 87%,
which is consistent with values from other studies (ca. 30% to
90% decreases), namely on wheat [18,40,44,51,52,53,54]. Such
reductions were observed in 11 genotypes and appear to be
closely linked to all tillers death (GR-4, AdvL-1, AdvL-4 and AdvL-
5) or decreased tillers survival. Several authors observed yield
reductions under waterlogging as a result of low tiller survival
[15,17]. In addition, fewer kernels per spike [19,41,43,55,56] and
smaller tillers and kernels [20,21,22], can also negatively affect
final yield [16] and must be addressed in future work. The present
results highlight 4 genotypes with yield increases in waterlogged
plants and 8 that were unaffected by stress. Tian (2021) [57]
reviewed the overall change in crop yield induced by waterlogging
in 115 studies and found that this stress can increase, decrease or
maintain crop yield. They also suggested that this could be due
to differences in crop varieties tolerance or sensitivity to shorter/
prolonged waterlogging periods.

This study in bread wheat revealed significant variability in the
number and precocity of adventitious roots formed in response
to waterlogging, as well as in tillering survival and emission
capacity. Such variability was reflected in the observed different
yield changes due to 14 days of stress imposed at tillering stage.
Differences between germplasm groups from different origins,
and within groups, may be a source of genetic material to develop
new varieties with distinct root system morphologies, to address
climate change-related issues.

Conclusion

Wheat tolerance to abiotic factors is a very important
breeding objective under changing climate. This study highlighted
variability in adventitious roots (AR), number of tillers and
yield in response to waterlogging at tillering stage, in 23 bread
wheat genotypes with different genetic backgrounds. Variability
occurred between and within the germplasm groups. AR were
formed only in plants subjected to stress and differences were
found in their number, with a few genotypes showing also earlier
AR emission. With waterlogging, some genotypes tillers were
affected with effects in final yield. The recovery period seems to
be the most critical, with 20 of the 23 genotypes being negatively
affected in living tillers number, probably due to oxidative stress
onset during aerobic conditions reestablishment. Overall, the
PL and Austrl genotypes performed better under waterlogging
conditions, while IT genotypes showed an opposite behavior. The
large variability found under the studied waterlogging conditions

suggests that the selection of tolerant genotypes should focus not
only the group they belong to, but also the germplasm as a whole.

Acknowledgment

The authors thank Alexandrina Loureiro for technical support.
We also thank the Research center (GeoBioTec) UIDB/04035/2020
for support facilities.

References

1. Bailey SJ], Voesenek LAC] (2008) Flooding stress: Acclimations and
genetic diversity. Ann Rev Plant Biol 59: 313-339.

2. Pais IP, Reboredo FH, Ramalho JC, Pessoa MF, Lidon FC, et al. (2020)
Potential impacts of climate change on agriculture - A review. Emir ]
Food Agric 32: 397-407.

3. Liu K, Harrison MT, Yan H, Liu De L, Meinke H, et al. (2023) Silver
lining to a climate crisis in multiple prospects for alleviating crop
waterlogging under future climates. Nat Commun 14: 765.

4. Hossain A, Uddin SN (2011) Mechanisms of waterlogging tolerance
in whet: Morphological and metabolic adaptations under hypoxia or
anoxia. Aust ] Crop Sci 5: 1094-110.

5. Hawkesford M]J, Araus JL, Park R, Calderini D, Miralles D, et al. (2013)
Prospects of doubling global wheat yields. Food Energy Secur 2(1): 34-
48.

6. Pierret A, Doussan C, Capowiez Y, Bastardie F, Pages L (2007) Root
Functional Architecture: A framework for modeling the interplay
between roots and soil. Vadose Zone ] 6(2): 269-281.

7. de San Celedonio RP, Abeledo G, Brihet JM, Miralles D] (2016)
Waterlogging affects leaf and tillering dynamics in wheat and barley. |
Agro Crop Sci 202: 409-420.

8. Pais IP, Moreira R, Semedo JN, Ramalho JC, Lidon FC, et al. (2023)
Wheat crop under waterlogging: Potential soil and plant effects. Plants
12(1): 149.

9. Greenway H, Armstrong W, Colmer TD (2006) Conditions leading to
ligh CO, (>5 kPa) in waterlogged-flooded soils and possible effects on
root growth and metabolism. Annals Bot 98(1): 9-32.

10. Husson O (2013) Redox potential (Eh) and pH as drivers of soil/plant/
microorganism systems: a transdisciplinary overview pointing to
integrative opportunities for agronomy. Plant Soil 362: 389-417.

1

=

.Sgndergaard M (2009) Redox potential. In: Likens G (Ed.), Encyclopedia
of Inland Waters. Vol 2, Pergamon Press, pp. 852-859.

12. Liu K, Harrison MT, Shabala S, Meinke H, Ahmed I et al. (2020) The state
of the art in modeling waterlogging impacts on plants: What do we
know and what do we need to know. Earth’s Future 8: e2020EF001801.

13.de San Celedonio RP, Abeledo LG, Miralles D] (2018) Physiological
traits associated with reductions in grain number in wheat and barley
under waterlogging. Plant Soil 429(1-2): 469-481.

14. Gibbs ], Greenway H (2003) Mechanisms of anoxia tolerance in plants.
I. Growth, survival and anaerobic catabolism. Funct Plant Biol 30(3):
353.

15. Malik Al, Colmer TD, Lambers H, Setter TL, Schortemeyer M (2002)
Short-term waterlogging has long-term effects on the growth and
physiology of wheat. New Phytol 153(2): 225-236.

16.Valério IP, Carvalho FIF, Oliveira AC, Machado ADA, Benin G et al.
(2008) Desenvolvimento de afilhos e componentes do rendimento em
genoétipos de trigo sob diferentes densidades de semeadura. Pesqui
Agropecu Bras 43(3): 319-326.

How to cite this article: Isabel P P, Rita M, José N S, Fernando H Reboredo2,3, José C. Waterlogging Effects in Adventitious Roots, Tillering and Yield
of Bread Wheat Germplasm. Agri Res & Tech: Open Access J. 2023; 27 (4): 556383. DOI:10.19080/ART0A]J.2023.27.556383


http://dx.doi.org/10.19080/ARTOAJ.2023.27.556383
https://pubmed.ncbi.nlm.nih.gov/18444902/
https://pubmed.ncbi.nlm.nih.gov/18444902/
https://www.nature.com/articles/s41467-023-36129-4
https://www.nature.com/articles/s41467-023-36129-4
https://www.nature.com/articles/s41467-023-36129-4
https://onlinelibrary.wiley.com/doi/10.1002/fes3.15
https://onlinelibrary.wiley.com/doi/10.1002/fes3.15
https://onlinelibrary.wiley.com/doi/10.1002/fes3.15
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/vzj2006.0067
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/vzj2006.0067
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2136/vzj2006.0067
http://ri.agro.uba.ar/files/download/articulo/2016desanceledonio.pdf
http://ri.agro.uba.ar/files/download/articulo/2016desanceledonio.pdf
http://ri.agro.uba.ar/files/download/articulo/2016desanceledonio.pdf
https://pubmed.ncbi.nlm.nih.gov/36616278/
https://pubmed.ncbi.nlm.nih.gov/36616278/
https://pubmed.ncbi.nlm.nih.gov/36616278/
https://pubmed.ncbi.nlm.nih.gov/16644893/
https://pubmed.ncbi.nlm.nih.gov/16644893/
https://pubmed.ncbi.nlm.nih.gov/16644893/
https://link.springer.com/article/10.1007/s11104-012-1429-7
https://link.springer.com/article/10.1007/s11104-012-1429-7
https://link.springer.com/article/10.1007/s11104-012-1429-7
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020EF001801
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020EF001801
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2020EF001801
https://ri.conicet.gov.ar/handle/11336/94300
https://ri.conicet.gov.ar/handle/11336/94300
https://ri.conicet.gov.ar/handle/11336/94300
https://pubmed.ncbi.nlm.nih.gov/32689018/
https://pubmed.ncbi.nlm.nih.gov/32689018/
https://pubmed.ncbi.nlm.nih.gov/32689018/
https://nph.onlinelibrary.wiley.com/doi/full/10.1046/j.0028-646X.2001.00318.x
https://nph.onlinelibrary.wiley.com/doi/full/10.1046/j.0028-646X.2001.00318.x
https://nph.onlinelibrary.wiley.com/doi/full/10.1046/j.0028-646X.2001.00318.x

Agricultural Research & Technology: Open Access Journal

17.Malik Al, Colmer TD, Lambers H, Schortemeyer M (2001) Wheat in
response to different depths of waterlogging. Austr ] Plant Physiol 28:
1121-1131.

18. Collaku A, Harrison SA (2002) Losses in wheat due to waterlogging.
Crop Sci 42(2): 444-450.

19.Robertson D, Zhang H, Palta JA, Colmer T, Turner NC (2009)
Waterlogging affects the growth, development of tillers, and yield of
wheat through a severe, but transient, N deficiency. Crop Past Sci 60(6):
578-586.

20.Condon AG, Giunta F (2003) Yield response of restricted-tillering
wheat to transient waterlogging on duplex soils. Aust ] Agric Res
54(10): 957-967.

21. Sharma DB, Swarup A (1988) Effects of short-term flooding on growth,
yield and mineral composition of wheat on sodic soil under field
conditions. Plant Soil 107(1): 137-143.

22.Yaduvanshi NPS, Setter TL, Sharma SK, Singh KN, Kulshreshtha N (2012)
Influence of waterlogging on yield of wheat (Triticum aestivum), redox
potentials, and concentrations of microelements in different soils in
India and Australia. Soil Res 50(6): 489-499.

23.Steffens B, Steffen HA, Sauter M (2013) Reactive oxygen species
mediate growth and death in submerged plants. Front Plant Sci 4: 179.

24.Mustroph A (2018) Improving flooding tolerance of crop plants.
Agronomy 8(9).

25. Pfeiffer WH, Trethowan RM, Ginkel M van, Ortiz-Monasterio I, Rajaram
S (2004) Chapter 12, Breeding for abiotic stress tolerance in wheat.
In M Ashraf and P ] C. Harris (Eds.), Abiotic stresses: plant resistance
through breeding and molecular approaches (1st ed.). The Haworth
Press, New York, USA, pp. 401-491.

26.Heinemann JA, Massaro M, Coray DS, Agapito-Tenfen SZ, Wen ]JD
(2014). Sustainability and innovation in staple crop production in the
US Midwest. Int ] Agr Sustain 12(1): 71-88.

27. Leigh FJ, Wright TIC, Horsnell RA, Dyer S, Bentley AR (2022) Progenitor
species hold untapped diversity for potential climate-responsive traits
for use in wheat breeding and crop improvement. Heredity 128(5):
291-303.

28.Noia Junior R, Asseng S, Garcia VM, Liu K, Stocca V, et al. (2023) A call
to action for global research on the implications of waterlogging for
wheat growth and yield. Agr Water Management 284: 108334.

29. Vasconcelos JC (1933) Trigos portugueses ou de ha muito cultivados
no pais, 1st ed; Servigo de Publicidade e Biblioteca da Dire¢do Geral
de acgdo Social Agraria: Separata do “Boletim de Agricultura,” Ano I,
Lisbon, Portugal.

30. Almeida A, Magas B, Rodrigues V, Torrdo M (2016) Wheat breeding:
country perspectives. The History of Wheat Breeding in Portugal 3: 93-
125.

31.Zadoks JC, Chang TT, Konzak CF (1974) A decimal code for the growth
stages of cereals. Weed Research 14(6): 415-421.

32.Herzog M, Striker GG, Colmer TD, Pedersen O (2016) Mechanisms of
waterlogging tolerance in wheat - a review of root and shoot physiology.
Plant Cell Environ 39(5): 1068-1086.

33.Pais IP, Moreira R, Semedo ]JN, Reboredo FH, Lidon FC et al. (2022)
Phenotypic diversity of seminal root traits in bread wheat germplasm
from different origins Plants 11(21): 2842.

34.Zhu YH, Weiner ] (2019) Evolutionary agroecology : Trends in root
architecture during wheat breeding. Evol Appl 12(4): 733-743.

35. Hockett EA (1986) Relationship of Adventitious Roots and Agronomic
Characteristics in Barley. Can ] Plant Sci 66(2): 257-280.

36. Steffens B, Rasmussen A (2016) The physiology of adventitious roots.
Plant Physiol 170(2): 603-617.

37.Malik I, Colmer TD, Lambers H, Schortemeye M (2003) Aerenchyma
formation and radial O, loss along adventitious roots of wheat with
only the apical root portion exposed to 0, deficiency. Plant Cell Environ
26(10):1713-1722.

38.Zhang Q, Huber H, Beljaars SJM, Birnbaum D, De Best S, et al. (2017)
Benefits of flooding-induced aquatic adventitious roots depends on
the duration of submergence: Linking plant performance to root
functioning. Annals Bot 120(1): 171-180.

39.Huang B, Johnson JW, NeSmith D, Bridges S, David C (1994) Root
and shoot growth of wheat genotypes in response to hypoxia
andsSubsequent resumption of aeration. Crop Sci 34(6): 1538-1544.

40.Amri M, ElI Ouni MH, Salem MB (2014) Waterlogging affect the
development, yield and components, chlorophyll content and
chlorophyll fluorescence of six bread wheat genotypes (Triticum
aestivum L.). Bulg ] Agric Sci 20(3): 647-657.

41.Dickin E, Wright D (2008) The effects of winter waterlogging and
summer drought on the growth and yield of winter wheat (Triticum
aestivum L.). Eur ] Agron 28(3): 234-244.

42.Pais IP, Moreira R, Semedo N, Reboredo FH, Lidon FC et al. (2022)
Effects of waterlogging on growth and development of bread wheat
genotypes. Biol Life Sci Forum 11(1): 38.

43.Wu X, Tang Y, Li C, Wu C, Huang G (2015) Chlorophyll fluorescence and
yield responses of winter wheat to waterlogging at different growth
stages. Plant Prod Sci 18(3): 284-294.

44.de San Celedonio RP, Abeledo LG, Miralles D] (2014) Identifying the
critical period for waterlogging on yield and its components in wheat
and barley. Plant Soil 378(1-2): 265-277.

45.Xie Q, Mayes S, Sparkes DL (2016) Optimizing tiller production and
survival for grain yield improvement in a bread wheat x spelt mapping
population. Annals Bot 117(1): 51-66.

46.Rameau C, Bertheloot ], Leduc N, Andrieu B, Foucher F, et al. (2015)
Multiple pathways regulate shoot branching. Front Plant Sci 5: 714.

47.Fioreze SL, Michelon LH, Turek TL, Drun RP, Dalorsaleta JCS (2020)
Role of nonproductive tillers as transient sinks of assimilates in wheat.
Bragantia 79(2): 180-191.

48. Almeida ML, Sangoi L, Ender M, Trentin PS (2000) Determinagdo do
momento da emissdo de afilhos de trigo usando suplementagido com
luz vermelha e luz vermelha extrema. Pesq. Agrop Gatcha 6(1):.89-96.

49.Berry PM, Spink JH, Foulkes M], Wade A (2003) Quantifying the
contributions and losses of dry matter from non-surviving shoots in
four cultivars of winter wheat. Field Crop Res 80(2): 111-121.

50. Sharma RC (1995) Tiller mortality and its relationship to grain yield in
spring wheat. Field Crop Res 41(1): 55-60.

51.0lgun M, Metin Kumlay A, Cemal Adiguzel M, Caglar A (2008) The
effect of waterlogging in wheat (T aestivum L.). Acta Agriculturae
Scandinavica Section B: Soil and Plant Science 58(3): 193-198.

52.Luxmoore R], Fischer RA, Stolzy LH (1973) Flooding and Soil
Temperature Effects on Wheat During Grain Filling. Agron ] 65(3):
361-364.

53. Ploschuk RA, Miralles DJ, Colmer TD, Ploschuk EL, Striker GG (2018)
Waterlogging of winter crops at early and late stages: Impacts on leaf
physiology, growth and yield. Front Plant Sci 9: 1863.

54.Ding ], Liang P, Wu P, Zhu M, Li C et al. (2020) Effects of waterlogging
on grain yield and associated traits of historic wheat cultivars in the
middle and lower reaches of the Yangtze River, China. Field Crop Res
246:107695.

How to cite this article: Isabel P P, Rita M, José N S, Fernando H Reboredo2,3, José C. Waterlogging Effects in Adventitious Roots, Tillering and Yield
of Bread Wheat Germplasm. Agri Res & Tech: Open Access J. 2023; 27 (4): 556383. DOI:10.19080/ART0A]J.2023.27.556383


http://dx.doi.org/10.19080/ARTOAJ.2023.27.556383
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2002.4440
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci2002.4440
https://www.publish.csiro.au/cp/cp08440
https://www.publish.csiro.au/cp/cp08440
https://www.publish.csiro.au/cp/cp08440
https://www.publish.csiro.au/cp/cp08440
https://www.publish.csiro.au/cp/AR03089
https://www.publish.csiro.au/cp/AR03089
https://www.publish.csiro.au/cp/AR03089
https://link.springer.com/article/10.1007/BF02371555
https://link.springer.com/article/10.1007/BF02371555
https://link.springer.com/article/10.1007/BF02371555
https://pubmed.ncbi.nlm.nih.gov/23761805/
https://pubmed.ncbi.nlm.nih.gov/23761805/
https://www.tandfonline.com/doi/full/10.1080/14735903.2013.806408
https://www.tandfonline.com/doi/full/10.1080/14735903.2013.806408
https://www.tandfonline.com/doi/full/10.1080/14735903.2013.806408
https://www.nature.com/articles/s41437-022-00527-z
https://www.nature.com/articles/s41437-022-00527-z
https://www.nature.com/articles/s41437-022-00527-z
https://www.nature.com/articles/s41437-022-00527-z
https://www.sciencedirect.com/science/article/pii/S0378377423001993
https://www.sciencedirect.com/science/article/pii/S0378377423001993
https://www.sciencedirect.com/science/article/pii/S0378377423001993
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-3180.1974.tb01084.x
https://onlinelibrary.wiley.com/doi/10.1111/j.1365-3180.1974.tb01084.x
https://pubmed.ncbi.nlm.nih.gov/26565998/
https://pubmed.ncbi.nlm.nih.gov/26565998/
https://pubmed.ncbi.nlm.nih.gov/26565998/
https://pubmed.ncbi.nlm.nih.gov/36365295/
https://pubmed.ncbi.nlm.nih.gov/36365295/
https://pubmed.ncbi.nlm.nih.gov/36365295/
https://pubmed.ncbi.nlm.nih.gov/30976306/
https://pubmed.ncbi.nlm.nih.gov/30976306/
https://cdnsciencepub.com/doi/10.4141/cjps86-040
https://cdnsciencepub.com/doi/10.4141/cjps86-040
https://pubmed.ncbi.nlm.nih.gov/26697895/
https://pubmed.ncbi.nlm.nih.gov/26697895/
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2003.01089.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2003.01089.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2003.01089.x
https://onlinelibrary.wiley.com/doi/full/10.1046/j.1365-3040.2003.01089.x
https://pubmed.ncbi.nlm.nih.gov/28586427/
https://pubmed.ncbi.nlm.nih.gov/28586427/
https://pubmed.ncbi.nlm.nih.gov/28586427/
https://pubmed.ncbi.nlm.nih.gov/28586427/
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci1994.0011183X003400060023x
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci1994.0011183X003400060023x
https://acsess.onlinelibrary.wiley.com/doi/abs/10.2135/cropsci1994.0011183X003400060023x
https://www.agrojournal.org/20/03-23.pdf
https://www.agrojournal.org/20/03-23.pdf
https://www.agrojournal.org/20/03-23.pdf
https://www.agrojournal.org/20/03-23.pdf
https://www.tandfonline.com/doi/abs/10.1626/pps.18.284
https://www.tandfonline.com/doi/abs/10.1626/pps.18.284
https://www.tandfonline.com/doi/abs/10.1626/pps.18.284
https://www.jstor.org/stable/42952797
https://www.jstor.org/stable/42952797
https://www.jstor.org/stable/42952797
https://pubmed.ncbi.nlm.nih.gov/26424785/
https://pubmed.ncbi.nlm.nih.gov/26424785/
https://pubmed.ncbi.nlm.nih.gov/26424785/
https://pubmed.ncbi.nlm.nih.gov/25628627/
https://pubmed.ncbi.nlm.nih.gov/25628627/
https://www.scielo.br/j/brag/a/K9Zjh9tKV8dsdhY53vMKdsp/?format=pdf&lang=en
https://www.scielo.br/j/brag/a/K9Zjh9tKV8dsdhY53vMKdsp/?format=pdf&lang=en
https://www.scielo.br/j/brag/a/K9Zjh9tKV8dsdhY53vMKdsp/?format=pdf&lang=en
http://revistapag.agricultura.rs.gov.br/ojs/index.php/revistapag/article/view/450
http://revistapag.agricultura.rs.gov.br/ojs/index.php/revistapag/article/view/450
http://revistapag.agricultura.rs.gov.br/ojs/index.php/revistapag/article/view/450
https://www.sciencedirect.com/science/article/abs/pii/S0378429002001740
https://www.sciencedirect.com/science/article/abs/pii/S0378429002001740
https://www.sciencedirect.com/science/article/abs/pii/S0378429002001740
https://www.sciencedirect.com/science/article/abs/pii/037842909400109P
https://www.sciencedirect.com/science/article/abs/pii/037842909400109P
https://www.tandfonline.com/doi/full/10.1080/09064710701794024
https://www.tandfonline.com/doi/full/10.1080/09064710701794024
https://www.tandfonline.com/doi/full/10.1080/09064710701794024
https://pubmed.ncbi.nlm.nih.gov/30619425/
https://pubmed.ncbi.nlm.nih.gov/30619425/
https://pubmed.ncbi.nlm.nih.gov/30619425/
https://www.sciencedirect.com/science/article/abs/pii/S0378429019311438
https://www.sciencedirect.com/science/article/abs/pii/S0378429019311438
https://www.sciencedirect.com/science/article/abs/pii/S0378429019311438
https://www.sciencedirect.com/science/article/abs/pii/S0378429019311438

Agricultural Research & Technology: Open Access Journal

55.Shao GC, Lan J], Yu SE, Liu N, Guo RQ, et al. (2013) Photosynthesis 57.Tian L, Zhang Y, Chen P, Zhang F Li ], et al. (2021) How does the
and growth of winter wheat in response to waterlogging at different waterlogging regime affect crop yield? A global meta-analysis. Front
growth stages. Photosynthetica 51(3): 429-437. Plant Sci 12: 634898.

56.Ghobadi ME, M Ghobadi, A Zebarjadi (2017) Effect of waterlogging
at different growth stages on some morphological traits of wheat
varieties. Intl ] Biometeorol 61(4): 635-645.

This work is licensed under Creative s . . .
@ @ Commons Attribution 4.0 License Your next submission with Juniper Publishers
DOI: 10.19080/ART0A].2023.27.5563823 will reach you the below assets

¢ Quality Editorial service
¢ Swift Peer Review
o Reprints availability
¢ E-prints Service
¢ Manuscript Podcast for convenient understanding
¢ Global attainment for your research
¢ Manuscript accessibility in different formats
( Pdf, E-pub, Full Text, Audio)
e Unceasing customer service

Track the below URL for one-step submission
https://juniperpublishers.com/online-submission.php

m How to cite this article: Isabel P P, Rita M, José N S, Fernando H Reboredo2,3, José C. Waterlogging Effects in Adventitious Roots, Tillering and Yield
of Bread Wheat Germplasm. Agri Res & Tech: Open Access J. 2023; 27 (4): 556383. DOI:10.19080/ART0A]J.2023.27.556383


http://dx.doi.org/10.19080/ARTOAJ.2023.27.556383
https://link.springer.com/article/10.1007/s11099-013-0039-9
https://link.springer.com/article/10.1007/s11099-013-0039-9
https://link.springer.com/article/10.1007/s11099-013-0039-9
https://pubmed.ncbi.nlm.nih.gov/27596165/
https://pubmed.ncbi.nlm.nih.gov/27596165/
https://pubmed.ncbi.nlm.nih.gov/27596165/
https://pubmed.ncbi.nlm.nih.gov/33679848/
https://pubmed.ncbi.nlm.nih.gov/33679848/
https://pubmed.ncbi.nlm.nih.gov/33679848/
https://juniperpublishersgroup.com/online-submission.php
http://dx.doi.org/10.19080/ARTOAJ.2023.27.556383

