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ABSTRACT: Although source-sink relationships in wheat are well studied, the performance
of tillers as transient sinks is still unclear, especially under stress conditions. Thus, this work
aimed to study the yield relationships of wheat stems in contrasting genotypes as affected by
tiller treatment under stress conditions. Two experiments were conducted under greenhouse
conditions using BRS Guamirim (high tillering) and BRS Parrudo (low tillering) wheat cultivars.
Four tillering treatments were applied on late tillers in the first growing season (2016) and
three in the second (2017): (i) free-tillering, (ii) detillering, (iii) physical suppression (only
in the first season) and (iv) “spikes removal”. The main stem and the first four emitted tillers

were considered as primary tillers. Plants were submitted to drought (2016) and defoliation

stress (2017) at preanthesis. Intraspecific competition among tillers increased under drought Received:

stress conditions and decreased the plant performance. Nonproductive late tillers do not Sep. 18,2013
improve the performance of primary tillers of wheat plants under drought stress, mainly in ?ecgzptZeOdz:O
high-tillering cultivars. The reduction on the thousand grain weight of only ‘Parrudo’ detillered )

plants indicates that assimilate remobilization from late tillers to primary tillers and main stem Eilé(t)(;r Valenzuela

seems to be more effective in low-tillering cultivars. *Correspondence author:
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INTRODUCTION

Comparison among wheat cultivars with contrasting tillering has been addressed under several conditions, such as
sowing dates and densities, plant nutrition and environmental stresses (Duggan et al. 2005a, b; Ruan et al. 2012; Mitchell
etal. 2013; Guo and Schnurbusch 2015; Hendriks et al. 2016; Houshmandfar et al. 2019). Despite all these studies, it remains
difficult to dissect the interactions between main stem and tillers regarding source-sink relationships, mainly under stress
conditions. Wheat lines with the Tiller Inhibition (Tin) gene are useful to understand the effects of intraspecific competition
and source-sink relationships in wheat plants. However, artificial detillering usually presents more expressive results when
compared to Tin plants (Hendriks et al. 2016), enabling the determination of the number and the developmental conditions
of emitted tillers.

Wheat plants ability to remobilize assimilated carbon from culm to spike during grain filling has been widely reported,
especially under stress or space competition environments, such as drought and defoliation (Mitchell et al. 2013; Guo and
Schnurbusch 2015; Turek et al. 2018). However, the mobilization of reserves among tillers of the same plant is less understood.
It is well known that during the emergence period, tillers are sustained by the main stem with sugars, water and nutrients, as
a result of vascular connections (Alves et al. 2000). However, to act as a transient sink of assimilates, senescent tillers would
have to keep these vascular connections with the other stems of the plant (tillers or main stem) until the grain filling stage.
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The use of Tin lines has showed that tiller suppression improves the development and yield potential of the main
stem (Mitchell et al. 2013; Hendriks et al. 2016). These favorable effects are showed even under terminal drought
(Duggan et al. 2005a). Dreccer et al. (2013) reported that low-tillering wheat genotypes have high concentration of
water-soluble carbohydrates in the main culm. This may explain the higher yield potential of individual spikes in
these plants (Fioreze et al. 2019). However, the effects of nonproductive tillers on plant performance, mainly under
stress, are still not clear.

The artificial manipulation of tillers can be a useful tool to examine source-sink relationships in wheat plants and
increase the understanding on yield parameters under stress conditions. Therefore, the objective of this work was to study
the yield relationships of wheat culms in contrasting genotypes when affected by tiller management under stress conditions.

MATERIAL AND METHODS
Experimental design and plant material

Two experiments (Expt. 1 and 2) were conducted under greenhouse conditions, during the winter of 2016 and 2017 in
growing season in the municipality of Curitibanos (27°16'26.55”S latitude and 50°30’14.41”W longitude of Greenwich and
988 m altitude), state of Santa Catarina, Brazil. Greenhouse was adjusted to 25/16 °C day/night thermos period during the
experiments. Experiments were carried out in a randomized complete block design with four replications, and arranged
as 2x4x2 (Expt. 1) and 2x3x2 (Expt. 2) factorial. BRS Guamirim (high tillering) and BRS Parrudo (low tillering) wheat
cultivars were used in both experiments as genotypes contrasting for tillering potential (Fioreze et al. 2019). Greenhouse
conditions were used to obtain plants with the same number of tillers (and sequence of emergence from the main stem)
and reach a good standard of tiller treatment among plants.

Four tillering treatments were applied on late tillers in Expt. 1 and three in Expt. 2 (Fig. 1): (i) free-tillering (control,
without pruning of any spikes or tillers), (ii) detillering, (iii) physical suppression (only in 2016) and (iv) “spikes removal”.
Tillering treatments were applied at stage 31 of the Zadoks scale (Zadoks et al 1974), considered as the first detectable
node in the main culm. The main stem and the first four emitted tillers were considered as primary tillers. For ‘Guamirim,
primary tillers were T0, T1, T1.1 and T2, while for ‘Parrudo’ these tillers were T1, T1.1, T2 and T3 (Masle 1984). All tillers
emitted after these were considered as late tillers. For detillered plants (Fig. 1) all late tillers were manually removed using
tweezers. For the physical suppression treatment, late tillers were wrapped in black plastic bags. For spikes removal, only
the spikes of late tillers were removed, at the preanthesis stage. The number and dry mass of removed tillers (detillered
plants) were determined for characterization.
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Figure 1. Free-tillering (a) detillering (b), physical suppression (c) and spikes removal (d) plants. Solid lines represent primary tillers. Dashed
lines represent late tillers.
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The work aimed to simulate a short-time (drought) and a long-time (defoliation) period of restriction of assimilates
availability to better explore the source-sink relationship. Thus, the third experimental factor was the imposition of a stress
condition, aiming to limit the source of assimilates in wheat plants. In the first experiment, plants were subjected to drought
at the preanthesis stage by irrigation suppression. During drought period, carbon net assimilation (A) was monitored using a
portable photosynthesis meter with an opened system IRGA LI-6400xt (Licor, Inc., Lincoln, NE, USA). Measurements were
performed in fully expanded flag leaves of main stem, between 9:00 and 11:00 AM. Plants were rehydrated when A values reached
zero. In the second experiment, the stress conditions were imposed by total defoliation of the primary tillers at the preanthesis.

Plants were grown in 3.6 L plastic pots filled with an inceptisol, with a clayey texture (550 g clay-kg") limed with 1.51 g-dm
of limestone. Base fertilization was mixed with the soil and consisted of 120 mg-dm~ of potassium chloride (60% of K,O)
and 2.16 g-dm™ of triple superphosphate (42% of P,O,). In each pot, four seeds were sown at 3-cm depth. After seedling
emergence, thinning was performed, maintaining three plants per pot. Side dressing nitrogen fertilization took place at
every 15 days between emergence and anthesis and consisted of urea (45% of N) applied via solution (25 mg-dm™ of N)
to reach 150 mg N-dm™. Soil moisture was maintained close to field capacity throughout the growing period (except for
drought treatments) through manual irrigation.

Yield parameters

At the maturity stage, spikes were harvested to determine yield parameters. Plants were separated into (i) main stem,
(ii) primary tillers and (iii) secondary tillers (for free-tillering plants). For Expt. 1, the number of grains and grain weight
per spike were determined. For Expt. 2, the thousand grain weight (TGW) and grain weight per spike were determined.
With these data, it was possible to evaluate the yield parameters of the main culm, primary tillers (main stem and tillers)
and of the whole plant. Additionally, plant yield was determined.

Statistical analysis
Data was submitted to analysis of variance by the F-test (p < 0.05). Means were compared by the Tukey’s test (p < 0.05),

using the SISVAR software (Ferreira 2011). The interaction effect between wheat cultivars and the stresses imposed were
evaluated based on the number of tillers and number of productive tillers (free-tillering plants).

RESULTS

Tiller emission and survival

The average number of tillers removed (detillering treatment of the Expt. 1) of ‘Parrudo’ was smaller than that of
‘Guamirim, both for irrigated and drought-stressed plants (Table 1). The number of emitted tillers and number of fertile
tillers was not affected by stress conditions (Expt. 1 and 2) and not even by cultivars by stress interaction (Table 2). For the
two experiments, plants of ‘Guamirim’ showed higher genetic potential for tiller emission (total and fertile tillers), which
agrees with other published data (Fioreze et al. 2019).

Table 1. Number and dry matter of tillers per plant and dry matter per tiller removed (detillered plants of Expt. 1) in two wheat cultivars.

Expt. 1 Number of tillers Dry matter of tillers (g) Dry matter per tiller (g)
‘BRS Guamirim’ 10.3a 24b 0.23b
‘BRS Parrudo’ 40b 28a 0.69 a

Means followed by the same letter do not differ by the Tukey’s test (p < 0.05).
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Physiological and yield parameters of wheat plants under drought stress

The carbon net assimilation (A) determination was used to evaluate drought stress effects on wheat plants (Fig. 2) in
the Expt. 1. For ‘Guamirim; A values in free-tillering and “spikes removal” plants reached values near zero at nine days
after irrigation suppression (Fig. 2 a). Detillered plants, as well as plants with physical tiller suppression showed A values
near zero six days after the other treatments (15 days after irrigation suppression). A similar result was observed for
‘Parrudo; although detillered plants and plants with physical tiller suppression reached A values near zero two days after
the other group (Fig. 2 b).

Drought stress did not affect the number of grains per spike in the Expt. 1 (Table 3). However, the number of grains
per spike showed a significant interaction between wheat cultivars and tiller treatment. For all forms of evaluation (main
stem, primary tillers and whole plant), ‘Parrudo’ showed higher number of grains per spike (Table 4). In ‘Guamirim,
higher number of grains per spike was observed in detillered plants. In addition, when mean of all spikes of the plants is
considered (whole plant), all tiller-managed plants showed higher number of grains per spike than free-tillering plants.
Except for main stem, both tiller removal and even physical suppression, increased the number of grains per spike in
‘Parrudo’ plants.

Grain weight per spike and per plant showed interaction between the three factors studied in the Expt. 1 (Table 3).
Grain weight per spike of primary tillers was higher in irrigated plants of both cultivars (Table 5). Both for irrigated and
drought conditions, primary tillers of ‘Parrudo’ were more productive. Average grain weight of all spikes of the plant (whole

Table 2. Number of tillers per plant (NT) and number of viable tillers per plant (NVT) in two wheat cultivars as affected by drought (Expt. 1)
or defoliation stress (Expt. 2).

Expt. 1 NT NVT Expt. 2 NT NVT
Control 15.63 1451 Control 12.25 11.50
Drought stress 16.63 1513 Defoliation 13.75 12.75
p 0.21 0.36 p 0.09 0.17
‘BRS Guamirim’ 2150a 20.38a ‘BRS Guamirim’ 16.50 a 15.75a
‘BRS Parrudo’ 10.75b 9.25b ‘BRS Parrudo’ 9.50 b 8.50b
p 0.00 0.00 p 0.00 0.00
DS x C (p) 0.07 0.12 DxC(p) 0.24 0.39
CV (%) 9.30 8.88 CV (%) 12.16 13.68

p: probability of F test; CV: coefficient of variation. Means followed by the same letter do not differ by the Tukey’s test (p < 0.05); DS: drought stress; C: cultivars;
TM: tiller treatment; D: defoliation.
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Figure 2. Carbon net assimilation of ‘BRS Guamirim’ (A) and ‘BRS Parrudo’ (B) plants as affected by drought stress at preanthesis stage
(Expt. 1). Vertical bars indicate standard deviation.
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Table 3. Number of grains per spike and grain yield in wheat cultivars as affected by tiller treatment and drought stress (Expt. 1).

Grains per spike Grainyield (g)

MS P WP2 MS BIIE WP? [P
Irrigated 66.5 59.4 56.7 Chi 2.75 2.62 16.96
Drought stress 670 59.2 56.2 3.02 2.67 2.53 16.13
p 0.80 0.83 0.70 0.27 011 012 0.00
‘BRS Guamirim’ 53.5 451 41.4 2.58 2.22 2.04 14.95
‘BRS Parrudo’ 80.0 735 716 3.55 319 31 18.15
p 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Free-tillering 65.9 579 46.6 2.86 244 190 2419
Detillering 71.0 63.7 63.7 3.23 294 294 1470
Physical Suppression 66.0 59.2 59.2 2.95 2.65 2.65 13.23
Spikes removal 64.1 56.3 56.3 3.22 2.82 2.82 14.07
p 0.04 0.00 0.00 0.00 0.00 0.00 0.00

DS x C(p) 0.49 0.81 0.94 0.08 0.02 0.04 0.00
DS =TT (p) 0.03 0.25 0.26 0.23 0.51 0.54 0.01
CxTT(p) 0.03 0.00 0.00 0.00 0.00 0.00 0.00
DSxCxTT(p) 0.29 011 0.15 013 0.27 0.35 0.08
CV (%) 10.24 761 8.38 9.64 769 8.74 6.99

MS: main stem; PT% primary tillers (main stem + primary tillers); WP% whole plant; PY3: plant yield; Only free-tillering plants show productive late tillers, values
of PP* e WP? are the same for other treatments; p: probability of F test; CV: coefficient of variation. Means followed by the same letter do not differ by the Tukey’s
test (p < 0.05); DS: drought stress; C: cultivars; TT: tiller treatment.

Table 4. The effect of “tiller treatment x cultivar” interaction on number of grains per spike in wheat plants (Expt. 1).

Main stem Primary tillers* Whole plant

‘BRS Guamirim’ ‘BRS Parrudo’  ‘BRS Guamirim’ ‘BRS Parrudo’  ‘BRS Guamirim’  ‘BRS Parrudo’

Free-tillering 52.6 Bb 791 Aa 442 Bb 71.6 Ab 29.2Bc 64.1Ac
Detillering 619 Ba 80.1Aa 52.3Ba 75.3 Aab 52.2Ba 75.3 Aab

Physical Suppression 49.5Bb 82.5 Aa 415Bb 770 Aa 415Bb 76.0 Aa
Spikes removal 50.0 Bb 78.3 Aa 42.6 Bb 70.0 Ab 42.6Bb 70.0 Abc

Uppercase letters refer to cultivars, lowercase letters compare tiller treatment by Tukey’s test (p< 0.05). Primary tillers: Main stem and primary tillers.

plant) and plant yield were not affected by drought stress in ‘Parrudo; while this condition reduced ‘Guamirim’ yield.
Only free-tillering plants reduced grain yield under drought conditions, probably as an effect of loss of yield potential in
late tillers in a limiting environment. As expected, free-tillering plants showed higher grain yield for both environments, as
an effect of the larger number of spikes. Both for irrigated and drought conditions, plants submitted to late tiller treatment
differed little or not at all.

Grain weight of main stem, primary tillers and average of whole plant was higher for ‘Parrudo’ for all tiller treatment
(Table 5). In terms of individual yield of spikes, detillering increased grain weight of ‘Guamiriny’ plants. In ‘Parrudo’ plants,
highest grain weight of main stem was observed when only spikes of late tillers were removed. Grain weight of primary
tillers and average of whole plant of ‘Parrudo’ were increased by tiller treatment.

‘Parrudo’ was more productive than ‘Guamirim, except for free-tillering plants, where ‘Guamirim’ was better (Table
5). As expected, plant yield was highest in free-tillering plants of two wheat cultivars. For three forms of tiller treatment,
the tiller removal improved grain yield in ‘Guamirim’ plants. For ‘Parrudo; they did not differ from each other.
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Table 5. Effect of “drought stress x cultivar”, “drought stress x tiller treatment” and “tiller treatment x cultivar” interaction on grain weight per
spike and per plant (grain yield) of wheat (Expt. 1).

Primary tillers!(g) Whole plant (g) Plant yield (g)
Irrigated Drought stress Irrigated Drought stress Irrigated Drought stress
‘BRS Guamirim’ 219 Ab 2.24Bb 2.03Ab 2.06 Ab 14,92 Ab 14,98 Ab
‘BRS Parrudo’ 331Aa 3.09Ba 3.21Aa 3.01Ba 19,00 Aa 1729 Ba
Plant yield (g)
Irrigated Drought stress
Free-tillering 25.44 Aa 2294 Ba
Detillering 14.60 Ab 14.79 Ab
Physical Suppression 13.47 Ab 12.98 Ac
Spikes removal 14.33 Ab 13.82 Abc
Main stem (g) Primary tillers'(g)
BRS Guamirim BRS Parrudo BRS Guamirim BRS Parrudo
Free-tillering 2.49 Bb 3.22Ab 2.04Bb 2.83 Ab
Detillering 2.92Ba 354 Ab 2.64Ba 3.24 Aa
Physical Suppression 2.41Bb 3.49 Ab 2.04Bb 3.25 Aa
Spikes removal 2.50Bb 3.94 Aa 216 Bb 3.47 Aa
Whole plant (g) Plant yield (g)
‘BRS Guamirim’ ‘BRS Parrudo’ ‘BRS Guamirim’ ‘BRS Parrudo’
Free-tillering 1.33Bc 2.48 Ab 25.59 Aa 22.79 Ba
Detillering 2.64Ba 3.24 Aa 13.19Bb 16.21 Ab
Physical Suppression 2.04Bb 3.25 Aa 10.19Bc 16.26 Ab
Spikes removal 216 Bb 3.47 Aa 10.82Bc 1733 Ab

Uppercase letters refer to drought stress or cultivars, lowercase letters compare tiller treatment by Tukey’s test (p < 0.05). Primary tillers: Main stem and primary tillers.

Yield parameters of wheat plants under defoliation

The TGW was drastically reduced by defoliation in the Expt. 2 (Table 6). For primary tillers as well as the whole plant,
higher TGW was obtained for ‘Guamirim. For the same data, plants where only the spikes of late tillers were removed
(spikes removal) showed higher TGW than other treatments. The TGW of main stem was affected by interaction between
cultivars and tiller treatment (Table 6). Wheat cultivars did not differ for TGW of main stem in free-tillering plants (Table 7).
However, ‘Guamirim’ was higher than ‘Parrudo’ for detillered and ‘spikes removal’ plants. Main stem of detillered and
‘spikes removal’ plants of ‘Guamirim’ had higher TGW than free-tillering plants. For ‘Parrudo;, only “spikes removal” of
late tillers increased the TGW of main culm.

Grain weight per spike and per plant was affected by significant interaction between the factors of study in the
Expt. 2 (double interactions) (Table 6). When not defoliated, ‘Parrudo’ had greater values than ‘Guamirim’ in terms of
main stem, primary tillers and whole plant (Table 8). Under defoliation, ‘Parrudo’ was higher only for grain yield
of primary tillers and on average of all spikes (whole plant). Grain weight of main stem and plant yield didn’t differ
among cultivars.

Regardless of tiller treatment, the grain weight per spike and per plant was reduced under defoliation (Table
8). When not defoliated, grain weight of main stem, primary tillers and on average of all spikes were higher in
detillered plants. Under defoliation, spikes of detillered plants were more productive, but did not differ from “spikes
removal” plants.
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Table 6. Thousand grain weight, grain weight per spike and per plant (grain yield) in wheat cultivars as affected by defoliation stress and
tiller treatment (Expt. 2).

Thousand grain weight (g) Grain Yield (g)

MS [P WP2 MS BIIE WP2 PY?
Control 432a 420a 449a 2.87 2.48 2.34 14.53
Defoliation 342b 339b 359b 211 1.84 175 11.42

p 0.00 0.00 0.00 0.00 0.00 0.00 0.00
‘BRS Guamirim’ 41.6 40.2a 42.7a 2.29 194 176 12.31
‘BRS Parrudo’ 358 357b 381b 2.69 2.39 2.32 13.64
p 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Free-tillering 349 337c 410ab 2.07 177 141 15.49
Detillering 379 375b 375b 2.65 2.40 2.40 12.00
Spikes removal 433 426a 426a 2.75 231 231 11.44
p 0.00 0.00 0.03 0.00 0.00 0.00 0.00
DxC(p) 013 0.14 0.38 0.00 0.00 0.01 0.03
DxTT(p) 0.09 0.08 0.46 0.02 0.01 0.00 0.05
CxTT(p) 0.02 0.11 0.31 0.02 0.00 0.00 0.00
DxCxTT(p) 0.02 0.07 0.19 0.36 0.81 0.94 0.93
CV (%) 10.36 10.72 13.34 11.58 8.97 9.82 10.8

MS: main stem; PT: MS and primary tillers; WP 2 whole plant. PY: plant yield; Only free-tillering plants show productive late tillers, values of PT* e WP? are the
same for other treatments; p: probability of F test; CV: coefficient of variation. Means followed by the same letter do not differ by the Tukey’s test (p < 0.05); D:
defoliation stress; C: cultivars; TT: Tiller treatment.

Table 7. The effect of “tiller treatment x cultivar” interaction on thousand grain weight of wheat main stem (Expt. 2).

‘BRS Guamirim’ ‘BRS Parrudo’
Free-tillering 35.6 Ab 342 Ab
Detillering 42.8 Aa 33.0Bb
Spikes removal 46.4 Aa 40.1Ba

Uppercase letters refer to cultivars, lowercase letters compare tiller treatment by Tukey’s test (p< 0.05).

Defoliation drastically reduced plant yield, regardless of tiller treatment (Table 8). As free-tillering plants emitted more
spikes than the others, this treatment was more productive in defoliated and nondefoliated plants. However, plants subjected
to removal of late tillers or even the spike removal of late tillers were more affected.

Grain weight per spike (main culm, primary tillers and whole plant) was higher in detillered and in “spikes
removal” plants of both wheat cultivars (Table 8). With the exception of detillered plants, the grain number per
spike was higher in ‘Parrudo’ than ‘Guamirim’ In general, grain yield of individual spikes was increased by tiller
removal or even by “spikes removal” of late tillers. For ‘Guamirim’ however, detillered plants were higher than
others treatments.

With exception to “spikes removal” plants, there were no differences in plant yield among wheat cultivars (Table 8).
As observed in the Expt. 1, higher plant yield was obtained in free-tillering plants of both cultivars. For ‘Guamirim,
intermediate plant yield was observed in detillered plants, while “spikes removal” plants were lower. For ‘Parrudo’ these
treatments did not differ.
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Table 8. Effect of “defoliation x cultivar”, “defoliation x tiller treatment” and “tiller treatment x cultivar” interaction on grain weight per spike
and per plant (grain yield) of wheat (Expt. 2).

Main stem (g) Primary tillers! (g)
Control Defoliation Control Defoliation
‘BRS Guamirim’ 2.51Ab 2.07Ba 215 Ab 172Bb
‘BRS Parrudo’ 3.23Aa 215Ba 2.80 Aa 197Ba
Whole plant (g) Plantyield (g)
Control Defoliation Control Defoliation
‘BRS Guamirim’ 198 Ab 1.55Bb 13.39 Ab 11.23Ba
‘BRS Parrudo’ 2.69 Aa 195 Ba 16.67 Aa 11.61Ba
Main stem (g) Primary tillers* (g)
Control Defoliation Control Defoliation
Free-tillering 2.45 Ab 1.69 Bc 2.01Ac 1.53Bb
Detillering 318 Aa 213Bb 2.86 Aa 194Ba
Spikes removal 298 Aa 2.52Ba 2.56 Ab 2.06 Ba
Whole plant (g) Plantyield (g)
Control Defoliation Control Defoliation
Free-tillering 159 Ac 1.24Bb 16.74 Aa 14.24Ba
Detillering 2.86 Aa 194 Ba 14.28 Ab 9.72Bb
Spikes removal 2.56 Ab 2.06 Ba 12.58 Ab 10.31Bb
Main stem (g) Primary tillerst (g)
‘BRS Guamirim’ ‘BRS Parrudo’ ‘BRS Guamirim’ ‘BRS Parrudo’
Free-tillering 1.85Bb 2.29 Ac 153Bc 2.00 Ab
Detillering 2.61Aa 2.69 Ab 234 Aa 2.46 Aa
Spikes removal 2.41Ba 3.09 Aa 1.93Bb 2.69 Aa
Whole plant (g) Plantyield (g)
‘BRS Guamirim’ ‘BRS Parrudo’ ‘BRS Guamirim’ ‘BRS Parrudo’
Free-tillering 1.02Bc 1.81Ab 15.82 Aa 15.16 Aa
Detillering 234 Aa 2.46 Aa 11.70 Ab 12.29 Ab
Spikes removal 193Bb 2.69 Aa 9.75 Bc 13.46 Aab

Uppercase letters refer to defoliation stress or cultivars (lines), lowercase letters compare cultivars or tiller treatment (column) by Tukey’s test (p< 0.05). Primary
tillers®: Main stem and primary tillers.

DISCUSSION
Effect of cultivar and stress on source-sink relationships

Striking differences were observed for tiller emission and dry mater accumulation among wheat cultivars for both
experiments (Tables 1 and 2). Lower tillered plants, such as ‘Parrudo; produce tillers with a larger stem diameter and longer
leaves (Gross et al. 2012), which results in higher yield potential (Fioreze et al. 2019).

Defoliation is an important tool to study source-sink relationships in wheat plants because it allows measuring the
effects of remobilization of preanthesis carbohydrates (Shao et al. 2010). Drought stress, however, interacts in several ways
with the plants, affecting photosynthesis, translocation of water and solutes and plant growth. These effects are increased
according to intraspecific competition. Despite the detrimental effects of the two forms of stress, it is interesting to point
out that none of them affected the number of tillers per plant, mainly in terms of fertile tillers (Table 2).
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Although environmental stress did not affect the number of tillers per plant, free-tillering and ‘spikes removal’ plants
showed an early reduction of carbon net assimilation (A) under drought stress (Expt. 1). High tiller emission (Table 2) results
in more leaves and, consequently, higher water consumption. This may explain the differences between cultivars and the
effects of tiller removal or physical suppression, mainly in ‘Guamiriny’ plants. The relationship between leaf area and water
loss (leaf transpiration) is well known in wheat plants (Thapa et al. 2017; Tureketal 2018) "Hendriks et al. (2016) showed that
wheat plants carrying the Tin gene showed lower water consumption during a drought stress period under field conditions
and that these plants also had longer root systems. Free-tillering plants of ‘Parrudo’ kept the higher values of A during a
longer period than ‘Guamirim’ (Expt. 1). Considering that grain yield (in free-tillering plants) varied little between cultivars,
(Expt. 1 and 2), it is evident that low-tillering plants are more effective in stressed environments.

The authors of this work hypothesized that reserve mobilization among culms from the same plant would occur in
conditions where the source of assimilates was limited. Thus, a reduction on tiller number was expected as an effect of
senescence of infertile tillers, especially under drought stress. However, this was not observed. This result allows hypothesizing
that, under field drought stress conditions, late tiller senescence is a result of the competition for water (as well as nutrients
and radiation) with the whole plant or neighboring plants and not due to a reserve mobilization process. Thus, the occurrence
of infertile late tillers increases the competition for a restricted amount of water, reducing the whole plant performance.

Effect of tiller treatment on source-sink relationships

It was observed that treatment of late tillers increased the yield potential of individual spikes, mainly with respect to
the number and grains (Expt. 1). This result demonstrates a clear effect of competition among culms of a plant. The yield
potential of spikes is gradually reduced according to phenological delay in late tillers (Fioreze and Rodrigues 2012; Fioreze
etal. 2019). This effect applies to the observed differences between wheat cultivars and also to the effect of late tiller removal.

The results of this research were obtained in greenhouse conditions, with only one plant cultivated per pot. On this way,
it is important to highlight that low-tillering plants (as an effect of cultivar or even tiller treatment) had greater water and
nutrients availability than high-tillering plants. In field conditions, however, low-tillering potential genotypes (as ‘Parrudo’)
will also benefit from the water and nutrients availability. Tin plants were able to better explore the soil in depth and maintain
the yield potential under drought stress in field conditions (Hendriks et al. 2016).

The reduction on intraspecific competition, by detillering treatment seems to increase reserve (carbohydrates and
nutrients) accumulation in the remaining stems, which increase the spike fertility. The relationship between the availability
of assimilated carbon in preanthesis and grain yield is well known in wheat (Inoue et al. 2004; Duggan et al. 2005 b; Mitchell
et al. 2013; Guo and Schnurbusch 2015). This argument becomes explicit when the effect of tiller removal on ‘Guamirin’
(high-tillering potential) as well as in plants under defoliation is observed.

The decrease of competition between wheat tillers was demonstrated in near isogenic lines of plants with the Tin gene
under drought stress (Houshmandfar et al. 2019) and saline stress conditions (Ruan et al. 2012). This seems to be an effect
of the increase in the amount of water-soluble carbohydrates (WSC) in the stem of plants with this characteristic (Duggan
etal. 2015b). Mitchell et al. (2013) observed higher number and mass of grains per spike in wheat plants with Tin gene under
drought stress, which was associated with higher WSC in culms until anthesis. Tiller removal delay a flower deterioration
and improves spikelet fertility (Guo and Schnurbusch 2015), probably as an effect of higher WSC in culms.

Dreccer et al. (2013) hypothesized that high WSC concentration in the main stem of wheat plants acts on tiller emission
control. However, results of this work indicate that the increase on WSC in wheat culms is an effect of the reduction in
the number of tillers, not the cause. A rapid elongation of the main stem and acquisition of solid basal stem appear to be a
greater determinant for inhibition of tiller emission (Kebrom et al. 2012).

Two aspects are important to consider based on production data in the present study. First, similar values of grain yield
(Expt. 1 and 2) can be obtained with a varied number of spikes (Table 2). Second, as tillering potential increases, the effect
of intraspecific competition becomes more pronounced. This can be observed by comparing A values between cultivars or
even between tiller treatments under drought stress (Expt. 1).
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The values of grain number per spike and thousand grain weight revealed important aspects of source-sink relationships
in wheat plants. The number of grains (Expt. 1) was increased by tiller removal, which indicates a beneficial effect on
reduction of competition among sinks of assimilates, regardless of environmental condition. Increase on thousand grain
weight in detillered and Tin plants is well known (Duggan et al. 2005 a; Mitchell et al. 2013; Hendriks et al. 2016). It was
surprising, however, that an increase on thousand grain weight (Expt. 2) occurred in “spikes removal” plants of ‘Parrudo’
(Table 7). A key point of this research was to determine if nonproductive tillers could participate of grain filling of productive
tillers. Atleast in ‘Parrudo’ plants, tillers of “spikes removal” plants seem to have participated in the grain filling of the other
spikes, increasing the TGW. For it to occur, however, it would be necessary to have an active vascular connection between
the stems of the plant.

The increase on grain number is an effect of carbohydrate availability during anthesis, while grain weight is a result
of a combination between the filling rate and filling period duration. Both traits directly affect the plant yield (Vesohoski
et al. 2011). Variation in number and mass of grains can explain the absence of differences between detillering and
“spikes removal’, at least for ‘Parrudo’ (Expt. 1 and 2). Different from what would be expected, the potential of assimilates
remobilization between wheat culms can be decreased as the number of tillers increased. During the period between
the emission and development of the first leaves, tillers are maintained by the main stem, through vascular connections
between them (Alves et al. 2000). The presence of these connections at later stages of the crop cycle, however, has not
yet been demonstrated. Such study could improve the understanding of the potential for redistribution of reserves in
wheat plants.

Detillered and “spikes removal” plants resulted in decreased grain yields under defoliation (Expt. 2). This result may
indicate that an increase on yield potential of individual spikes (number of spikelets and grains per spike) could result in
plants that are more sensitive to defoliation. This perspective could change the source-sink relationship of wheat plants,
which is known for its tolerance to defoliation (Turek et al. 2018) and high potential for redistribution of reserves from
culm to spikes (Inoue et al. 2004; Duggan et al. 2005b; Mitchell et al. 2013; Guo and Schnurbusch 2015; Turek et al. 2018),
mainly in the absence of drought stress.

The results from this study bring a new view on the source-sink relationship in wheat stems. These results indicate
that the role of late tillers (fertile or not) as transient sinks seems to vary as a function of the plant’s tillering potential.
Additionally, considering that late tillers (mainly infertile tillers) show low or null redistribution of reserves, emission of
these structures could represent an unnecessary energy consumption by the plant, which clearly reduces the productive
potential of its other spikes. In addition to the competition for assimilates, tillers compete for water, nutrients and
light, which may further reduce the plant yield potential under stress conditions. Finally, late tiller senescence in
high-tillering cultivars, under stress conditions, could be an effect of competition with the whole plant, and not of
redistribution of reserves.

CONCLUSION
High number of tillers reduces the performance of wheat plants under drought stress. Nonproductive late tillers do

not improve the performance of primary tillers of wheat plants under drought stress, mainly in high-tillering cultivars.
Assimilates remobilization from late tillers to primary tillers can be a function of tillering potential.
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