Received: 22 January 2020

|

Revised: 27 March 2020

|

Accepted: 27 March 2020

DOI: 10.1111/jac.12410

H E AT S T R E S S

Effect of two-week heat stress during grain filling on stem
reserves, senescence, and grain yield of European winter wheat
cultivars
| Tina Langkamp-Wedde2,3
Siegfried Schittenhelm1
Lorenz Kottmann1
| Katja Matschiner4
1
Institute for Crop and Soil Science, Julius
Kühn-Institut, Braunschweig, Germany

Institute of Agricultural Technology,
Johann Heinrich von Thünen Institute,
Braunschweig, Germany

2

Institute for Application Techniques in
Plant Protection, Julius Kühn-Institut,
Braunschweig, Germany

3

4

Strube Research, Söllingen, Germany

Correspondence
Siegfried Schittenhelm, Institute for Crop
and Soil Science, Julius Kühn-Institut,
Braunschweig, Germany.
Email: siegfried.schittenhelm@julius-kuehn.
de
Funding information
German Federal Ministry of Food and
Agriculture (BMEL) via the Federal Office
for Agriculture and Food (BLE) as project
management organisation under the
innovation support programme. Grant/
Award Numbers: 2814600213 (Julius KühnInstitut), 2814600113 (Johann Heinrich von
Thünen Institute), and 2814600313 (Strube
Research).

| Martin Kraft2 |

Abstract
To examine the extent to which heat stress during grain filling impacts on the development and yield of winter wheat (Triticum aestivum L.), a 3-year field experiment was
conducted on a loess soil with high water holding capacity in the North German Plain.
Thirty-two mostly European winter wheat cultivars were exposed to heat stress in a
mobile foil tunnel with maximum air temperatures of 45.7, 45.4, and 47.2°C in 2015,
2016, and 2017, respectively. The 14-day post-anthesis heat stress treatment caused
an average 57.3% grain yield reduction compared to a close-by non-stressed control. The proportion of green crop area after the heat stress phase varied from 7%
to 98% in 2016 and from 37% to 94% in 2017. The green crop area percentage did
not significantly correlate with grain yield, indicating that the delayed senescence
of stay-green phenotypes offers no yield advantage under terminal heat stress. The
water soluble carbohydrate (WSC) concentration of the stems at crop maturity varied
between 6 and 92 g/kg dry matter, showing that the genotypes differed in their efficiency at using the stem carbohydrate reserves for grain filling under heat stress.
The stem WSC concentration correlated positively with the beginning of anthesis
(r = 0.704; p < .001) but negatively with the grain yield (r = −0.431; p < .05). For heat
tolerance breeding, the stem reserve strategy, i. e. the rapid and full exhaustion of
the temporary carbohydrate storage therefore seems more promising than the staygreen strategy.
KEYWORDS

chlorophyll degradation, grain weight, post-anthesis heat stress, stay-green, Triticum aestivum,
wheat breeding
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optimum temperatures during grain filling are a concern also in temperate climates. Based on long-term phenological and climate data

Ambient air temperature has significantly increased during the last

of Germany, Rezaei, Siebert, and Ewert (2015) concluded that de-

decades and is expected to rise further (IPCC, 2018). The higher

spite heat escape through an earlier onset of phenological phases

air temperature in conjunction with an increase of its variance will

(e. g. 14 days earlier heading), warming might still affect grain yield

lead towards more frequent heat waves and record hot weather

through a shortened grain filling period. Semenov and Shewry (2011)

(IPCC, 2001; Porter & Semenov, 2005). Wheat is particularly sen-

expect that the increase in frequency and degree of heat stress

sitive to high temperatures during anthesis and grain filling (Farooq,

around anthesis will cause substantial yield losses for the heat-sensi-

Bramley, Palta, & Siddique, 2011; Satorre & Slafer, 1999). While heat

tive cultivars that are commonly grown in Northern Europe.

stress during anthesis mainly affects the grain number, post-anthe-

In the present field study, 32 mostly European winter wheat gen-

sis heat stress reduces the grain yield through a lower grain weight

otypes were exposed to high temperatures for 14 days during grain

caused by a heat-induced premature leaf senescence and an asso-

filling. The study aimed (a) to determine whether there exists ge-

ciated shortened grain filling duration (Bergkamp, Impa, Asebedo,

netic variability for terminal heat stress tolerance within the adapted

Fritz, & Jagadish, 2018). Heat stress induced yield losses in wheat,

primary gene pool of wheat, which could be used in breeding pro-

which is one of the world's most important food crops poses a se-

grammes, and (b) to identify and explain important physiological

rious threat to global food security. Already today, high tempera-

processes such as the mobilisation of stem carbohydrate reserves,

tures are limiting wheat productivity in many countries worldwide

chlorophyll degradation and premature senescence which are in-

(Farooq, Khaliq, & Mahmood, 2015; Narayanan, Prasad, Fritz, Boyle,

volved in the heat tolerance of wheat.

& Gill, 2015).
It has been estimated that for each 1°C of further temperature increase, grain filling duration of wheat decreases by 2.8 days
(Streck, 2005) and, as a consequence, wheat grain yield by about
6% (Asseng et al., 2015). An increase of the average ambient tem-

2 | M ATE R I A L S A N D M E TH O DS
2.1 | Study site

perature does not only result from a rising maximum temperature,
but also from a growing minimum temperature (Vose, Easterling, &

The experiment was conducted on the experimental fields of

Gleason, 2005). Lobell et al. (2005) observed an even stronger de-

the Strube Research wheat breeding station located at Söllingen

pendence of wheat grain yield on the minimum than on the max-

(52.09°N 10.93°E, elevation 102 m) in the North German Plain.

imum temperature and quantified the yield decrease as 10% for

The site is characterised by a long-term mean annual air tempera-

every 1°C rise of the night temperature.

ture of 9.0°C and 580 mm rainfall. The soil at the site is a deep loess

The optimum temperature for grain filling in wheat ranges from

loam (Luvic Chernozem) with a water holding capacity of 240 mm

12 to 22°C (Farooq et al., 2011; Porter & Gawith, 1999). The maxi-

in the 0–120 cm soil horizon. The field trials were carried out in

mum temperature for grain filling above which wheat growth stops

the 2014/2015, 2015/2016 and 2016/2017 winter wheat growing

is about 35°C and the upper lethal temperature is 47.5°C (Porter &

seasons, referred to as 2015, 2016 and 2017, respectively. Winter

Gawith, 1999). The extent of the heat stress reaction depends on

wheat was the previous crop in each season.

the degree and speed of the temperature increase, as well as the duration of exposure to the high temperature (Wahid, Gelani, Ashraf,
& Foolad, 2007). Temperatures of about 45°C represent a critical

2.2 | Genetic material

threshold, because temperatures above this threshold irreversibly
damage the photosystem II (PSII), whereas at temperatures below

Thirty-two winter wheat (Triticum aestivum L.) genotypes, mostly

45°C the PSII functionality is able to recover more or less rapidly de-

elite cultivars from various European countries, were used in the

pending on the wheat genotype (Haque, Kjaer, Rosenqvist, Sharma,

study. The genotypes were pure-lines with respect to their genetic

& Ottosen, 2014; Mathur, Jajoo, Mehta, & Bharti, 2011). One of the

structure, except for “Hybery,” “Hyland” and “Hystar,” which were

earliest symptoms of heat-induced premature leaf senescence is the

hybrids with a German-French genetic background. The 13 German

decline in chlorophyll content which becomes apparent in leaf chlo-

pure-line cultivars consisted of “Elixer,” “Glaucus,” “Gordian,”

rosis caused by the concurrent physiological processes of heat-ac-

“JB Asano,” “JB Diego,” “Julius,” “KWS Milaneco,” “Lennox,”

celerated chlorophyll degradation and heat inhibition of chlorophyll

“Magister,” “Memory,” “Pegassos,” “Rumor” and “Tobak.” Another 14

biosynthesis (Jespersen & Huang, 2014). The carbohydrate deple-

European pure-line cultivars were “Finans” from Sweden, “Mariboss”

tion resulting from the decrease in photosynthesis and the increase

from Denmark, “Platin” from Poland, “Bernstein” and “Midas” from

in respiration exhausts the plant's energy reserves that are particu-

Austria, “Bohemia” from the Czech Republic, “Apache,” “Premio,”

larly needed for recovery after long periods of heat stress.

and “Solehio” from France, “Psenica” from Slovakia, “Viktoriya

Heat stress in wheat is a particular issue in countries with trop-

Odesskaya” from the Ukraine, “MV Lucilla” from Hungary, and

ical and sub-tropical climates. However, yield losses and quality

“Moskovskaja56” from Russia. “Straw type” and “Extreme dwarf”

deterioration such as small or deformed grains caused by above

were experimental lines of Strube Research bred for the joint straw
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were equipped with a radiation protection and a solar-powered ven-

“PS66/13” from China was the most early genotype used in the

tilation. For monitoring the CO2 concentration, one EE871 sensor

study. In a parallel study, sixteen of the 32 genotypes named above

each was installed in the centre of the tunnel and in the non-stressed

were also tested for drought tolerance (Schittenhelm, Kottmann,

control. The light intensity was determined with a CMP3 pyranom-

Kraft, Matschiner, & Langkamp-Wedde, 2019).

eter (Kipp & Zonen). In each year, soil samples from the experimental
field were taken in 10-cm intervals for determining the field capacity

2.3 | Testing facility and experimental layout

(FC) and the permanent wilting point (PWP). In the laboratory, the FC
was determined in a vacuum chamber at a pF value of 1.8. The PWP
was measured at a pF value of 4.2 in a pressure pot. The soil mois-

The 32 genotypes were grown under two temperature regimes con-

ture was monitored by means of two Sentek EnviroSCAN sensors

sisting of a 14-day post-anthesis heat stress treatment and a nearby

(Sentek Sensor Technologies). The sensors were installed between

non-stressed control. Each temperature treatment was laid out as a

two wheat rows in a centrally situated plot, one sensor in the foil

completely randomised block design with two replicates. The heat

tunnel and one sensor in the control. The moisture readings were

stress treatment was conducted in a mobile FILCLAIR 850 foil tunnel

taken in 10-cm intervals to a depth of 60 cm. The PWP was used

(Filclair Serren Industry). The tunnel frame was erected immediately

for calculating the plant-available water quantity in the soil (Blume

after sowing, but the inflatable duplex polythene foil with about 70%

et al., 2016) by subtracting the PWP from the measured soil moisture

light transmittance was mounted just before the heat stress treat-

(mm/dm) and adding up the difference over the 60 cm soil horizon.

ment. The 14-day stress period started on 25 June in 2015 and on
9 June in 2016 and 2017. By that time, all genotypes had completed
flowering, corresponding to growth stage 69 on the BBCH-scale

2.6 | Anthesis and grain yield

(Meier, 2018). The tunnel was 50 m long, 8.5 m wide and had a ridge
height of 3.2 m. Four ventilation flaps distributed evenly over the

For each plot, the beginning of anthesis was recorded as the number

side length of the tunnel allowed for combined side and ridge venti-

of days from 1 January to the scoring day when 50% of the plants

lation. The flaps were opened manually as soon as the temperature

of a plot had reached BBCH growth stage 61. Each year, the entire

in the tunnel approached 40°C. After the heat stress treatment had

experiment was harvested with a plot combine (Wintersteiger).

ended, the tunnel foil was detached so that the environmental con-

Although the heat-stressed plots always reached maturity prema-

ditions were again the same as those in the control.

turely, the plots in both environments were harvested on the same
day, that is on 30 July 2015, 22 July 2016 and 17 August 2017. The

2.4 | Crop management
The field trials were sown on 1 October 2014, 30 September 2015,

grain yield is expressed on the basis of 14% water content.

2.7 | Green crop area

and 5 October 2016 with a plot drill (Wintersteiger) at a density
of 350 grains/m2. The 4.5 m2 plots consisted of seven rows with

For the quantification of heat-induced chlorophyll degradation, dig-

17.5 cm row spacing. Each year, mineral nitrogen fertiliser in the

ital colour photographs were taken from all experimental plots in

form of calcium ammonium nitrate was applied at a rate able to close

the foil tunnel and control. The photographs were taken on three

the gap between the available soil mineral N and the target N level

dates in 2016 and on five dates in 2017 during the heat stress treat-

of 220 kg/ha. The N fertiliser was provided in split application at the

ment and, in both years, on the fourth day after completion of the

BBCH stages 20, 30 and 47 to support tillering, booting and grain

heat stress treatment. In 2016, the photographs were taken with a

filling, respectively. Herbicides, insecticides, fungicides and growth

Samsung smartphone (model SM-G388F) camera and in 2017 with

regulators were applied according to local practice at the rates rec-

a Canon EOS 600D camera, using the automatic white balance set-

ommended by the manufacturer.

ting in either case. The photographs were mostly taken with nadir
viewing direction and in few cases with oblique viewing angle

2.5 | Meteorological measurements

(about 45° from nadir) and were analysed automatically by means of
OpenCV 4 with Python. After conversion to the HIS colour space,
very dark pixels (mainly shaded soil and dead lower leaves) as well as

Ambient air temperature, air humidity, global radiation and CO2

extremely light pixels (mostly ears) without reliable colour informa-

concentration in the foil tunnel and the non-stressed control were

tion were excluded from the analysis. Proper upper and lower lim-

recorded every five minutes by an automatic weather station con-

its for hue were chosen to classify and separate the green pixels,

structed by the Thünen Institute of Agricultural Technology. Air

representing the photosynthetically active green crop area (Broge

temperature and air humidity were determined by means of 16

& Mortensen, 2002) which is equivalent to the green leaf area but

EE071 sensors (E + E Elektronik) placed at ear height and equally

considers all green plant organs including leaves, stems and ears. The

distributed over the length of the experiment. The EE071 sensors

green crop area percentage (GCAP) was calculated from the number

|
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F I G U R E 1 Daily course for (a) air
temperature in the foil tunnel, (b) air
temperature difference between foil
tunnel and adjacent field control, (c)
relative air humidity in the foil tunnel, (d)
CO2 concentration in the foil tunnel and
control in 2016, and (e) plant-available
water quantity (0–60 cm) in the foil tunnel
during the duration of the 14-day postanthesis heat stress treatments in 2015,
2016 and 2017 at Söllingen, Germany.
Breaks in the curves are attributable
to sensor failures. The dotted line in (a)
indicates 40°C

of green pixels (ngreen) and the number of non-green pixels (nyellow)

The samples were dried at 60°C for 72 hr. After removal of leaf

as follows:

blades and leaf sheaths, the stems were ground to 1 mm size using
a Brabender mill (Brabender). A 1-g sample of the ground matengreen ∗ 100

rial was extracted using 70-ml demineralised water at 80°C for

ngreen + nyellow

30 min in a shaking water bath. The water soluble carbohydrate

2.8 | Water soluble carbohydrates

liquid chromatography (HPLC) using a Kontron 400 HPLC system

GCAP =

concentration was determined by means of high-performance
(Kontron Instruments) as described in detail by Menge-Hartmann,

The concentration of water soluble carbohydrates (WSC) of the

Soufan, and Greef (2009). In brief, the HPLC was equipped with a

stems was determined at crop maturity in 2017. Twenty ear-bear-

Rezex RPM monosaccharide separation column (Phenomenex) and

ing stems were clipped above the ground and stored in a portable

a Shodex RI-71 refractive index detector (Showa Denko America)

cooler until further processing to minimise carbohydrate respi-

for identifying the different carbohydrates. The total WSC con-

ration losses. The ears were cut from the stem at the ear collar.

centration was calculated as the sum of glucose, fructose, sucrose
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|

SCHITTENHELM ET aL.

and fructans determined by means of peak area comparison with

stress exceeded the 40°C mark for 18 hr in 2015, 29 hr in 2016 and

external standards of known concentrations.

16 hr in 2017. The maximum measured temperature over a period of
more than one hour was 45.7°C in 2015, 45.4°C in 2016 and 47.2°C in

2.9 | Statistical analysis

2017. These peak temperatures were only slightly below the 47.5°C
lethal maximum temperature for wheat (Porter & Gawith, 1999).
The foil tunnel temperature exceeded the non-stressed control by

The analyses of variance for all measured traits were carried out for

7.7°C in 2015, 10.5°C in 2016 and 8.3°C in 2017 (Figure 1b). The

individual years and across years using R (R Core Team, 2018). In

relative air humidity in the foil tunnel during the 14-day heat treat-

these analyses, year, temperature regime and genotype were con-

ment was on average 14 percentage points higher than in the field

sidered fixed effects. The least significant differences (p < .05) were

control (Figure 1c). During the nights, the air in the foil tunnel was

calculated using the function LSD.test (package “agricolae”) with the

completely saturated with water vapour. Due to the daytime open-

Bonferroni correction. SigmaPlot version 13 (Systat Software Inc.)

ing of the side vents, the relative humidity during the day dropped

was used for creating the graphs and calculating the linear regres-

a little but still remained at a high level. The CO2 concentration also

sion coefficients between different pairs of traits of interest. The

exhibited a sharp increase during the night, but decreased strongly

relationship between green crop area and water soluble carbohy-

with the onset of the plants’ assimilation in the morning and was

drate concentration for the heat stress treatment in Figure 1 was

frequently below the control during the day (Figure 1d). The water

described by an exponential curve using the regression procedure

available to the plants in the upper 60-cm soil layer averaged 62, 78

of SigmaPlot.

and 44 mm in 2015, 2016 and 2017, respectively (Figure 1e), indicating that the heat stress in the tunnel was not superimposed by

3 | R E S U LT S

drought stress as it is often the case in hot environments.

3.1 | Climatic conditions

3.2 | Genotype response to heat stress treatment

With the roof foil acting as a light barrier, the radiation intensity in

Averaged across seasons, the 14-day post-anthesis heat stress re-

the tunnel was reduced by about 30% compared to that in the ad-

duced the grain yield by 57.3% from 10.4 to 4.3 t/ha (Table 1). The

jacent control. The average air temperature in the foil tunnel during

thousand grain weight, as the grain yield component most strongly

the high temperature treatment was quite similar in the three experi-

affected by terminal heat stress, decreased by 49% from 47 to 24 g

mental years, averaging 25.8°C in both 2015 and 2016, and 25.9°C

(data not shown). The heat stress treatment caused significant grain

in 2017 (Figure 1a). By manually opening the side flaps around mid-

yield losses in all genotypes, ranging from 28.7% for “Straw type” in

day, temperatures above 40°C, which represent severe heat shock

2015 to 85.9% for “Mariboss” in 2016. Under heat stress conditions,

conditions (Wardlaw & Wrigley, 1994), were avoided in most cases.

the hybrid cultivars “Hybery” and “Hystar” ranked at places 1 and

Nevertheless, the tunnel temperature during the 14 days of heat

4 and even took the two top positions in the non-stressed control.

F I G U R E 2 Relationships between the beginning of anthesis and grain yield for 32 winter wheat genotypes grown under post-anthesis
heat stress and non-stressed control conditions in 2015, 2016 and 2017 at Söllingen, Germany. Each data point represents an average of two
replications. DOY, day of year and DM, dry matter

|
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TA B L E 1 Grain yield and relative grain yield reduction of 32 winter wheat genotypes grown under non-stressed conditions in an open
field control and under 14-day post-anthesis heat stress in a closed foil tunnel during three experimental years at Söllingen, Germany. The
genotypes are sorted by ascending mean grain yield under post-anthesis heat stress
Grain yield (t/ha)
Control
Genotype

2015

2016

2017

Mean

9.4

10.2

5.5

“Moskovskaja56”

7.9

10.6

“Viktoriya Odesskaya”

6.1

9.8

“Extreme dwarf”

Relative grain yield reduction (%)

Heat stress
2015

2016

2017

Mean

2015

2016

2017

Mean

8.4

3.8

2.3

2.5

2.9

59.2

77.5

54.8

63.8

7.5

8.7

3.4

3.1

3.6

3.4

57.0

71.1

51.7

59.9

6.6

7.5

3.5

2.6

4.1

3.4

42.9

73.4

37.7

51.3

“Straw type”

7.1

9.8

6.1

7.7

5.0

2.4

2.8

3.4

28.7

75.3

54.6

52.9

“KWS Milaneco”

9.2

11.4

8.2

9.6

5.7

1.7

2.9

3.4

37.9

84.9

64.9

62.6

“Magister”

10.6

12.1

9.0

10.6

4.7

2.6

3.2

3.5

56.1

78.4

64.0

66.2

“Bohemia”

9.6

10.7

8.1

9.5

3.6

3.0

4.4

3.7

62.3

71.9

45.4

59.9

“Glaucus”

10.7

13.0

9.7

11.1

5.2

2.0

4.1

3.8

51.3

85.0

57.8

64.7

“Finans”

10.4

11.7

9.2

10.4

4.2

2.0

5.5

3.9

60.0

82.7

40.3

61.0

“Pegassos”

10.9

12.5

9.0

10.8

4.5

3.2

4.1

3.9

58.7

74.7

54.3

62.6

“Memory”

11.0

13.3

9.2

11.2

3.8

3.8

4.3

3.9

65.5

71.8

54.0

63.8

“Mariboss”

10.5

13.6

8.8

10.9

4.8

1.9

5.3

4.0

54.2

85.9

40.1

60.1

“Bernstein”

9.0

12.2

8.0

9.7

3.7

3.9

4.6

4.0

59.1

68.2

43.1

56.8

“MV Lucilla”

7.4

10.7

7.8

8.6

4.4

3.4

4.6

4.1

40.8

68.6

40.7

50.0

“JB Asano”

11.3

12.8

9.3

11.1

4.2

3.8

5.0

4.3

62.9

70.6

46.7

60.1

“Premio”

10.7

11.1

10.4

10.7

3.7

4.0

5.3

4.3

65.6

63.6

49.4

59.6

“Platin”

12.0

14.0

9.2

11.7

4.9

3.6

4.7

4.4

59.0

74.3

48.3

60.5

“Midas”

9.9

11.6

8.8

10.1

5.3

3.7

4.8

4.6

46.9

68.0

45.4

53.4

“Julius”

10.3

13.3

9.2

10.9

5.9

3.1

4.8

4.6

42.7

77.1

47.6

55.8

“Hyland”

11.4

13.7

10.1

11.8

4.8

3.8

5.5

4.7

58.5

72.5

45.9

58.9

“Rumor”

11.5

13.3

10.4

11.7

4.8

3.7

5.5

4.7

58.1

72.5

46.5

59.1

“Elixer”

11.2

12.6

10.7

11.5

4.4

4.4

5.2

4.7

60.4

65.1

51.5

59.0

“PS−66/13”
“Gordian”

7.5

8.3

9.6

8.5

4.9

3.8

5.4

4.7

34.1

54.5

43.9

44.2

10.3

11.8

9.0

10.4

5.4

4.0

5.0

4.8

47.6

66.6

44.6

52.9

“Psenica”

8.5

11.2

9.0

9.5

5.4

3.7

5.3

4.8

37.1

66.7

41.3

48.4

“Apache”

11.2

12.6

10.5

11.4

4.4

5.0

5.0

4.8

61.1

60.3

52.1

57.8

“Tobak”

10.9

12.9

9.4

11.0

4.8

4.6

5.1

4.8

56.3

64.0

45.5

55.3

“Solehio”

11.3

12.2

8.2

10.6

4.8

5.1

4.9

4.9

57.8

58.4

39.5

51.9

“Hystar”

12.1

14.3

9.8

12.1

4.4

5.1

5.4

4.9

63.7

64.7

45.1

57.8

“JB Diego”

11.9

13.3

9.8

11.7

6.3

3.7

5.3

5.1

46.7

72.1

46.5

55.1

“Lennox”

12.1

12.9

9.3

11.4

5.1

4.9

5.4

5.1

58.0

62.3

41.9

54.1

“Hybery”

13.4

15.4

10.7

13.2

7.6

3.9

5.4

5.7

43.2

74.4

49.8

55.8

Mean

10.2

12.1

8.9

10.4

4.7

3.5

4.7

4.3

52.9

71.2

48.0

57.3

2.7

3.6

3.1

2.2

4.6

2.3

2.2

1.7

20.1

19.5

33.1

19.2

LSD 0.05

The French cultivars “Apache,” “Solehio” and “Premio” also recorded

heat stress. The experimental lines “Extreme dwarf” and “Straw

above-average grain yields irrespective of the temperature regime.

type” as well as the eastern European cultivars “Moskovskaja56,”

The German pure-line cultivars revealed quite a mixed picture.

“Viktoriya Odesskaya” and “Bohemia,” produced below-average

While “Lennox,” “Tobak,” “Julius,” “Elixer” and “Rumor” in both envi-

yields under both stress and non-stressed conditions. The eastern

ronments were among the highest yielders, “Pegassos,” “Memory,”

European cultivars “Psenica,” “MV Lucilla” and “Viktorya Odesskaya”

“Glaucus” and “Magister” performed well in the non-stressed con-

exhibited a small relative grain yield reduction, but they also only had

trol, but only ranked in the lower third when exposed to temporary

a low grain yield potential.
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proceeded rapidly under high temperature conditions, “Julius” almost completely retained its green colour during the heat stress

The beginning of anthesis was used as a proxy indicator for earli-

treatment and beyond (Figure 3). The rapid chlorophyll degrada-

ness. This seems justified because the days to anthesis for 18 of

tion in 2016 started already after the occurrence of the first ex-

the 32 wheat genotypes mentioned in the descriptive variety list

treme temperature with 44.3°C during day 3 of the heat stress

of the German Federal Plant Variety Office (https://www.bunde

treatment (see Figure 1a). In 2017, this transition took place one

ssortenamt.de/bsa/en/variety-testing/descriptive-variety-lists/) did

week later after the first extreme temperature with 47.2°C had

closely correlate (r = 0.753, p < .001) with the maturity score re-

occurred on day 10 of the stress treatment. Overall, the green

ported there. The beginning of anthesis had a range of 8 days in 2016

crop area four days after the end of the heat stress phase varied

and of 11 days each in 2015 and 2017 (Figure 2). In the non-stressed

from 7% to 98% in 2016 and from 37% to 94% in 2017. In contrast

control, the correlation coefficients between the beginning of an-

to that, in the control none of the genotypes in 2016 and only a

thesis and the grain yield were not statistically significant (p < .05).

few genotypes in 2017 showed signs of senescence at that time.

Yet in the treatment with temporary heat stress, a significant nega-

The green crop area percentage and the beginning of anthesis

tive correlation between these two traits was found in 2017 but no

were not associated with each other in 2016 (Figure 4). In 2017,

significant correlation existed in 2015 and 2016.

however, the later flowering genotypes maintained a significantly
larger proportion of green plant parts under heat stress and con-

3.4 | Stay-green and its relation to maturity, grain
yield and assimilate relocation

trol conditions. No statistically significant correlation coefficients
were found between green crop area percentage and grain yield
both under heat stress and control conditions. The green crop
area percentage in the heat stress treatment correlated closely

The heat stress during grain filling had a greatly varying effect

and positively with the WSC concentration of the stems, deter-

on the green crop area retention of the winter wheat genotypes

mined at crop maturity in 2017 (Figure 5). The stem WSC concen-

studied in the experiment. The contrasting pattern of chloro-

tration was lowest for “JB Asano” (6 g/kg) marked by a low green

phyll degradation during the post-anthesis heat stress treatment

crop area percentage, but second highest for “Julius” (67 g/kg)

is well illustrated when using the German cultivars “JB Asano”

with a high green crop area percentage. The “Straw type” (92 g/

and “Julius” as examples. While the senescence of “JB Asano”

kg) had the highest WSC concentration at maturity.

F I G U R E 3 Photographs of the German
winter wheat cultivars “JB Asano” and
“Julius” grown under post-anthesis heat
stress (HS) and non-stressed control (C)
conditions in 2017 at Söllingen, Germany.
The photographs were taken on 26 June
2017, four days after the completion of
the 14-day heat stress treatment
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F I G U R E 4 Relationships of the green
crop area percentage with both beginning
of anthesis and grain yield for 32 winter
wheat genotypes grown under postanthesis heat stress and non-stressed
control conditions in 2016 and 2017
at Söllingen, Germany. The green crop
area percentage in 2016 and 2017 was
determined 16 and 18 days, respectively,
after the initiation of the 14-day postanthesis heat stress treatment. Each
data point represents an average of two
replications. DOY, day of year and DM,
dry matter

4 | DISCUSSION
4.1 | Drawbacks of foil tunnels for field-based heat
tolerance screening

The decrease of radiation intensity by shading reduces the wheat
grain yield (Asana, Parvatikar, & Saxena, 1969; Li, Yu, & Liang, 2005).
Xu, Tao, Wang, and Wang (2016) used different numbers of layers of
polyethylene screens for achieving varying levels of shading of the
wheat canopy from the beginning of anthesis to maturity. The use of

For studying the response of wheat genotypes to high tempera-

two polyethylene layers with 67% light transmittance in their exper-

tures, different experimental set-ups can be used such as delayed

iment caused an average grain yield reduction of 19.4%. Applied to

sowing (Kumari, Pudake, Singh, & Joshi, 2013; Nahar, Ahamed, &

the present study with a similar light transmittance of 70% and ap-

Fujita, 2010; Trethowan & Mahmood, 2011), growth chambers

proximately half the shading duration, this corresponds to a roughly

(Rezaei et al., 2018; Yang, Sears, Gill, & Paulsen, 2002), foil tun-

10% grain yield reduction.

nels or foliage greenhouses (Li et al., 2018; Talukder, McDonald,

As is typical of closed greenhouses, the CO2 concentration in

& Gill, 2014), artificially warmed field plots (Kimball et al., 2008),

the foil tunnel through plant respiration and microbial activities

simulation modelling (Asseng, Foster, & Turner, 2011; Semenov

increased during the night far beyond the ambient level (Poudel &

& Shewry, 2011), satellite images (Lobell, Sibley, & Ortiz-

Dunn, 2017) of currently around 410 ppm. However, after sunrise,

Monasterio, 2012) and inherently warm environments (Reynolds,

the excess CO2 in the tunnel was completely used up by photosyn-

Nagarajan, Razzaque, & Ageeb, 2001). Most of the studies aimed

thesis within a few hours, and often dropped below the ambient

at field-based measuring of heat tolerance conducted so far have

level during daytime. It is thus assumed that the CO2 surplus in the

used controlled environment facilities such as foil tunnels or simi-

morning and the temporary CO2 deficit during the day have at least

lar devices (Bergkamp et al., 2018). Foil tunnels enable the simul-

partly offset each other in their effect on grain yield.

taneous heat stress screening of numerous genotypes which is

The relative humidity of 86% in the foil tunnel during the day

particularly important in practical breeding programmes (Wahid

was markedly higher than the relative humidity of 66% in the

et al., 2007). However, though there is the desired effect of an

control. The high relative humidity in the tunnel was caused by

increased air temperature, the microclimate in foil tunnels differs

the good water supply of the deep loess soil which in turn was

from field conditions particularly with regard to reduced radiation,

desirable to avoid mixing up effects of drought stress with those

altered carbon dioxide concentration, and higher air humidity. The

of heat stress. Rawson, Begg, and Woodward (1977) have shown

possible effects of these environmental artefacts on grain yield

that the relative humidity does not affect photosynthesis of indi-

will be briefly discussed below.

vidual leaves in winter wheat and various other crops. Overall, in

730

|

SCHITTENHELM ET aL.

comparison to the overwhelming adverse effect of heat stress, it
is assumed that the environmental artefacts discussed above had
only a minor impact on the grain yield of the genotypes grown in
the foil tunnel.

4.2 | heat stress treatment substantially decreased
grain yield
The present study showed a decrease in grain yield of 57.3% when
a two-week severe heat stress was applied during grain filling
(Table 1). Nahar et al. (2010) reported a similarly large grain yield
reduction of 53%–73% under late heat stress conditions generated
by delayed wheat sowing in Bangladesh. Bergkamp et al. (2018)
reported 2%–27% grain yield reduction under post-anthesis heat
stress using field based “heat tents” in Kansas, USA. Li et al. (2018)
measured the effect of 20-day post-anthesis heat stress in the North
China Plain by following the fluctuating field temperature in a temperature-controlled greenhouse on an about 5°C higher level with
maximum temperatures of up to 44°C. Under these conditions, the
grain yield reduction was 17% on average of the 48 winter wheat
cultivars studied. Also in China, Feng et al. (2014) observed a grain
yield reduction of 6% and 11% for a low and high heat-sensitive winter wheat genotype, respectively, when heat stress during grain filling was produced by means of white polythene plastic film. Stone

F I G U R E 5 Relationship of the green crop area percentage
with the water soluble carbohydrate (WSC) concentration of the
stem at crop maturity for 32 winter wheat genotypes grown under
post-anthesis heat stress and non-stressed control conditions in
2017 at Söllingen, Germany. The green crop area percentage was
determined 18 days after the initiation of the heat stress treatment.
Each data point represents an average of two replications

and Nicolas (1995) demonstrated in a glasshouse experiment with
75 pot-grown cultivars of wheat (T. aestivum L. and T. turgidum L.) in
Australia that a short 3-day heat phase with maximum temperatures

et al. (1984) assumed that the lower yields of the later genotypes

of 40°C during the grain filling significantly reduce the grain yield by

were attributable to an accelerated senescence and thus a shorter

5.4%. Likewise in Australia, Talukder et al. (2014) demonstrated that

grain filling duration due to the late-season rise in temperature. In

even a single day with high temperature of 35°C for three hours ap-

contrast to this, Reynolds et al. (2001) reported highly positive ge-

plied after anthesis in a portable heat chamber, accelerated leaf se-

netic correlations of grain yield with both days to anthesis and leaf

nescence and caused grain yield reduction of 15%–30%. The results

chlorophyll retention during grain filling in CIMMYT's high tempera-

described above are consistent with findings of a simulation study

ture mega-environments. It is assumed that differences between

by Asseng et al. (2011) which shows that a single heat event during

the above cited studies with respect to the intensity and duration of

grain filling has a maximum effect of about 5% on grain yield but can

heat stress might explain the inconsistent findings.

accumulate to a yield reduction of up to 60%.

4.3 | Relationship between earliness and grain yield

4.4 | Genotypes do not benefit from stay-green
under severe heat stress

In the heat stress treatment of the present study, a significant nega-

The physiological processes involved in yield reduction under heat

tive correlation was observed between the beginning of anthesis

stress are only poorly understood. Some crop physiologists em-

and the grain yield in one of the three experimental years (Figure 2).

phasise the importance of stay-green traits for improving the heat

These results indicate a tendency towards higher yields of early

tolerance (Cossani & Reynolds, 2012; Harris al., 2007; Lopes &

genotypes if high temperatures are prevailing during grain filling.

Reynolds, 2012). This approach is based on the assumption that the

Tewolde, Fernandez, and Erickson (2006) also observed that, under

wheat yield under heat stress is source-limited and that extending

the high temperature conditions of Southwest Texas, earlier head-

the green canopy duration by delaying leaf senescence and increas-

ing cultivars performed better than later heading cultivars. Similarly,

ing photosynthesis is the key to improving the biomass and grain

Midmore, Cartwright, and Fischer, (1984) reported negative corre-

yield (Abdelrahman, Burritt, Gupta, Tsujimoto, & Tran, 2019). In the

lations between grain yield and days to anthesis for spring wheat

present study, however, the retention of green crop area was not

grown along an altitudinal transect in Central Mexico with earliness

significantly associated with grain yield. Li et al. (2018), too, found in

being most favourable at the warmest, least elevated site. Midmore

only one of two crop seasons a positive, yet only weak association
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between the visually assessed stay-green score and grain yield of

during the 14-day heat stress treatment in the foil tunnel frequently

winter wheat grown under post-anthesis heat stress.

exceeded 35°C and repeatedly was just below the lethality threshold

The transfer of photoassimilates from source to sink is a critical

of 47.5°C. The genotypes from eastern Europe exhibited a generally

step during wheat grain filling (Abdelrahman et al., 2019). The WSC

small yield reduction relative to the control, but were low yielding

can become the predominant source of carbohydrates for the devel-

under heat stress and control conditions. On the other hand, a num-

oping grain, if the ongoing photosynthesis is severely inhibited by

ber of genotypes from western Europe not only were high yielding in

heat stress (Blum, 1998; Talukder, McDonald, & Gill, 2013). While

the control but also performed above average under heat stress con-

net photosynthesis is declining already at temperatures above 30°C

ditions. The genetic material studied differed markedly in its physio-

(Wardlaw, 1974) and is irreversibly damaged at temperature > 45°C

logical response to heat stress. While some genotypes tolerated the

(Mathur et al., 2011), the relocation of assimilates from the stem re-

high temperatures and retained their greenness after the heat treat-

serves to the grains is not affected by high temperatures of up to

ment, high temperatures in other genotypes triggered a rapid transi-

50°C (Wardlaw, 1974). It is therefore interesting to note that gen-

tion to emergency ripening. Earliness was promoting this trigger but

otypes with a high concentration of WSC in their stems at maturity

was not a precondition. In contrast to stress escape due to earliness,

showed a higher green crop area percentage under post-anthesis

emergency ripening is a physiological response to a stress to which

heat stress than those with a low stem WSC concentration (Figure 1).

the plant is inescapably exposed. Emergency ripening is character-

The capacity for photosynthesis lost due to the adverse effect of

ised by a premature loss of the green canopy, accompanied by the

heat stress was probably compensated for by the transfer of WSCs

mobilisation of stem carbohydrate reserves and their relocation to

from the stems into the grains. However, the delayed loss of green

the grains. Genotypes exhibiting this kind of heat response might

colour did not pay off in terms of higher grain yields. Genotypes

represent a wheat ideotype for environments where extremely high

like “Julius” thus resemble in a way the so-called non-functional

temperatures occur towards the end of the cropping season.

(cosmetic) type C stay-green mutants (Thomas & Howarth, 2000;
Thomas & Ougham, 2014) which retain chlorophyll but not their
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