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Abstract: Wheat is increasingly used as a dual-purpose crop (for forage and grain
production) worldwide. Plants encounter low temperatures in winter, which commonly
results in sugar accumulation. High sugar levels might have a positive impact on forage
digestibility, but may also lead to an increased risk of bloat. We hypothesized that cultivars
with a lower capacity to accumulate sugars when grown under cold conditions may have a
lower bloat risk than higher sugar-accumulating genotypes, without showing significantly
lower forage digestibility. This possibility was studied using two wheat cultivars with
contrasting sugar accumulation at low temperature. A series of experiments with
contrasting temperatures were performed in controlled-temperature field enclosures
(three experiments) and growth chambers (two experiments). Plants were grown at either
cool (8.1 °C-9.3 °C) or warm (15.7 °C-16.5 °C) conditions in field enclosures, and at
either 5 °C or 25 °C in growth chambers. An additional treatment consisted of transferring
plants from cool to warm conditions in the field enclosures and from 5 °C to 25 °C in the
growth chambers. The plants in the field enclosure experiments were exposed to higher
irradiances (i.e., 30%—-100%) than those in the growth chambers. Our results show that
(1) low temperatures led to an increased hemicellulose content, in parallel with sugar
accumulation; (ii) low temperatures produced negligible changes in in vitro dry matter
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digestibility while leading to a higher in vitro rumen gas production, especially in the higher
sugar-accumulating cultivar; (iii) transferring plants from cool to warm conditions led to a
sharp decrease in in vitro rumen gas production in both cultivars; and (iv) light intensity (in
contrast to temperature) appeared to have a lower impact on forage quality.

Keywords: Triticum aestivum L.; dual purpose; cellulose; hemicellulose; lignin; crude
protein; in vitro rumen gas production; in vitro dry matter digestibility

1. Introduction

Wheat is increasingly cultivated as a dual-purpose crop in several main wheat areas of the world,
including the USA southern Great Plains [1,2], Australia [3,4], China [5] and the Argentinean Pampas
region [6-8]. The reasons for this expansion are mainly the capacity of wheat to provide forage early
in winter without excessively decreasing grain production. This practice increases the profitability at
the whole-farm system level and additionally reduces the risk associated with both price and climate
variability [9-15].

Wheat is often considered a high quality, cool season forage when consumed at earlier
developmental stages due to the high digestibility of young leaf blades, which is in turn associated with
a low lignin content [16]. In general, forage is considered high quality when the in vitro digestibility of
dry matter (IVDMD) is higher than 600 g-kg™' DM [17]. Accordingly, values higher than 800 g-kg™' DM
IVDMD have been reported for wheat at the pre-stem elongation stage [16,18]. Nevertheless, several
reports have related the intake of wheat and other annual winter grasses to bloat risk due to high levels
of rapidly fermentable components (i.e., soluble protein and sugars [19-21]). Pasture bloat takes place
when the grazing animal’s capacity to expel gases produced by fermentation is exceeded [22], and
gases become trapped in bio-film complexes [21,23].

In vitro rumen gas production has been positively correlated with plant protein fractions and
IVDMD when incubated with mixed rumen microorganisms [24]. However, this correlation is not
necessarily straightforward. The concentration of soluble protein and sugars in wheat leaves may vary,
depending on genotypic and environmental conditions [25-28]. Exposure of grasses to low
temperature induces a steady accumulation of both components, while reversion to non-chilling
conditions determines a very rapid decline in their concentration [25,29]. Considerable variation in the
capacity to accumulate sugars and proteins exists among wheat cultivars: cultivars which undergo
deeper cold-acclimation (winter hardy cultivars) are able to accumulate substantially higher amounts
of compatible solutes in their cells compared with less hardy cultivars [26-28]. Because of the
transient nature of solute accumulation under cold conditions, the ratio between rapidly fermentable
non-structural carbohydrates and proteins, and structural components of grass cells may vary with
temperature, and thus wheat pastures might present a variable bloat risk while maintaining a constantly
high IVDMD.

In addition to temperature, light intensity may also play a role in determining [IVDMD and bloat
risk. A reduction in light intensity has been associated with reduced forage quality in some evergreen
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species [30]. However, there are conflicting reports regarding the influence of light intensity on lignin
content, even though most studies suggest that higher intensities favor an increase in lignin levels [31].

In the present work, we studied the forage composition of two wheat cultivars with contrasting
capacity to accumulate solutes when grown under cold conditions, in parallel with IVDMD and
in vitro gas rumen production, as affected by temperature and light intensity. A set of experiments with
contrasting temperatures was conducted in both field enclosures (high irradiance, three experiments)
and growth chambers (low irradiance, two experiments) to test the following hypotheses: (i) low
temperature increases the concentration of soluble and structural components of wheat leaf blades;
(i1) low temperature increases in vitro rumen gas production, without a significant effect on forage
digestibility; (ii1) the effect of low temperature on in vitro rumen gas production is stronger in a
cultivar with a higher capacity to accumulate solutes; and (iv) low temperature effects on in vitro
rumen gas production and IVDMD are enhanced under higher light intensity conditions.

2. Experimental Section
2.1. Plant Material

Two wheat (Triticum aestivum L.) cultivars were selected for their contrasting
morpho-physiological responses to low temperature, which have been described elsewhere [29,32,33].
Briefly, ProINTA Pincén is a winter hardy wheat that reduces its growth more and accumulates higher
sugar concentration than Buck Patacon under low temperatures. In all experiments, seeds were soaked
in tap water for 24 h at ambient temperature prior to sowing.

2.2. Experimental Layout
2.2.1. Field Enclosure Experiments

Three experiments were conducted in field enclosures during the winter seasons of 2005, 2006 and
2008 at the Facultad de Ciencias Agrarias campus (Universidad Nacional de Mar del Plata, Balcarce,
Argentina, 37°45'47.94" S, 58°17'38.82" W, 130 m a.s.l.) under a natural photoperiod. The enclosures
were constructed of pipe structures covered with polyethylene film (100 pm thick) (Figure S1). Plants
were grown up to the fourth fully expanded leaf stage in polyethylene containers with a 0.1-m diameter
and a 0.6-m height filled with a uniform mixture of soil (topsoil of a Typic Argiudol) and vermiculite
(1:1 v/v) located in an excavation within the enclosures in order to maintain the top of the containers at
soil level. Twenty-four containers were placed in each enclosure (12 for each cultivar, from which
three were monitored during development and harvested, three were used for water status
determination and the rest were used as borders). The substrate was saturated at sowing with
Y2-strength, and irrigated daily thereafter with V4-strength Hoagland’s solution [34]. Seeds
(12 per container) were germinated and seedlings were thinned to 6 plants per container after
emergence. Two electrical fan heaters with a thermostatic control (set to turn on under 16 °C) were
located at opposite corners of one of the enclosures (warm treatment) at sowing. Accordingly, two
electrical fans were located at opposite corners of the other enclosure (cool treatment) where the roof
permanently covered the plants while the sidewalls were opened during the diurnal period and closed
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during the night. Air temperature was measured using thermistors and recorded using a data logger
(Meteo, Cavadevices, Buenos Aires, Argentina) every 30 min. Thermistors were protected by shields
to prevent absorption of solar radiation. The fourth channel of the data logger was used to record the
photosynthetically active radiation. In the three experiments, the mean temperatures measured in the
cool environment were very similar (ranging between 8.1 °C-9.3 °C), as were those of the warm
enclosures (15.7 °C-16.5 °C) (Table 1). Daily mean air temperature dynamics during the 2006 field
enclosure experiment, as well as the air temperatures recorded on one typical day of the same
experiment, are shown in Figure S2 to illustrate the temperature conditions in the field enclosures. The
average photosynthetic daily light integral (DLI) values diverged between cool and warm because of
the different duration of the growing periods (Table 1). In 2008, a third treatment consisting of
transferring plants from cool to warm conditions at the third leaf stage was applied. Plants were
harvested early in the morning following a developmental criterion (i.e., when 100% of plants attained
the third fully expanded leaf stage for the cool and warm treatments, or the fourth fully expanded leaf
stage for the cool-warm treatment); therefore, the harvest dates differed between the treatments.

Table 1. Average (= SD) daily mean air temperature and photosynthetic daily light integral
(DLI) in the cool and warm field enclosures for the 2005 (sown on 20 June), 2006 (sown
on 19 June) and 2008 (sown on 12 June) experiments. The cool-warm (C-W) data
correspond to the post-transferred period only.

Mean air temperature (°C) DLI (mol photons m2-day ')

Field Enclosure Cool C-W Warm Cool C-w Warm
2005 8.5+£28 - 16.5+£1.7 12.7+5.7 - 17.8+7.8
2006 9.3+3.2 - 15.7+£22 12.7+34 - 11.1+4.1
2008 8.7+£33 166 £23 163+19 14.0+53 122+39 11.9+3.6

2.2.2. Growth Chamber Experiments

Two complete independent experiments were carried out in growth chambers at either 5 °C + 0.5 °C
or 25 °C £ 1 °C, under otherwise similar environmental conditions: 200 pmol photon m 257!
(photosynthetically active radiation, PAR) at the canopy level provided by fluorescent lamps (Osram
Lumilux 21-840), 50% + 10% relative humidity and a 12-h photoperiod. The average photosynthetic
DLI (for both experiments) was 8.5 + 0.1 and 8.6 = 0.1 (mol photons m2-day ') at 5 °C and 25 °C,
respectively. Twenty-four plastic containers (0.1-m diameter, 0.3-m depth) filled with vermiculite and
saturated with '5-strength Hoagland’s solution [34] were placed in the chamber (12 for each cultivar,
from which three were monitored during development and harvested, three were used for water status
determination and the rest were used as borders). Seeds (twelve per container) were germinated and
seedlings were thinned to 6 plants per container after emergence. Plants were harvested as described
above for the field experiment.

The time in days and the thermal time from sowing to harvest for both field enclosures and growth

chamber experiments are shown in Table S1.
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2.3. Determinations
2.3.1. Plant Development

The number of fully expanded leaves was recorded at least twice a week.
2.3.2. Relative Water Content

The relative water content (RWC) at harvest was determined on the youngest fully expanded leaf of
the mainstem as described by Equiza et al. [32]. Sampling was performed early in the morning in
parallel with harvesting for other determinations. In all experiments (the field enclosures and the
growth chambers), irrespective of cultivars and temperature treatments, the RWC values at harvest
were higher than 96%. Therefore, differences in the concentrations of the cell components, when
expressed per unit of fresh mass, are not attributable to variation in water status among cultivars
or treatments.

2.3.3. Dry matter content and sugar concentration

The dry matter content was expressed as g-DM-kg ! FM. The total sugar concentration (TSC) in the
leaf blades (mainly fructan, sucrose and monosaccharides) was quantified spectrophotometrically
according to the phenol-sulfuric acid procedure [35]. Briefly, oven-dried leaf blades were ground,
weighed and extracted in boiling distilled water (10 mg-DM-mL™") for 10 min. The mixtures were
centrifuged at 1000 g, and supernatants were used for analysis. The reaction mixture contained 0.57 mL
of a 5% phenol solution and 2.85 mL of H2SOs4 in a total volume of 4 mL. The mixture was stirred and
incubated for 20 min in a bath at 25 °C, agitated and after 15 min at ambient temperature, the
absorbance at 490 nm was read using a UV-1700 PharmaSpec spectrophotometer (Shimadzu Corp.,
Kyoto, Japan). A glucose solution was used as a standard. All samples were run in duplicate, and the
values are expressed on a fresh mass (FM) basis.

2.3.4. Cell Wall Components

The neutral detergent fiber (NDF) and acid detergent fiber (ADF) contents were determined using
F57 filter bags (ANKOM A200, ANKOM Technology Corp., Fairport, NY, USA) according to
Komareck et al. [36] and Komareck et al. [37], respectively. The lignin (ADL) content was determined
using the acid detergent fiber permanganate lignin method [38]. The cellulose (ADF-ADL) and
hemicellulose (NDF-ADF) contents were estimated by the difference. All values are expressed on a
FM basis.

2.3.5. Crude Protein

The crude protein (CP) concentration was determined from the nitrogen levels (CP = 6.25 x N)
using a LECO FP-528 (LECO Corporation, St. Joseph, MI, USA) nitrogen auto-analyzer [39]. The
values are expressed on a FM basis.
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2.3.6. True in Vitro Dry Matter Digestibility (IVDMD)

This procedure followed the ANKOM-DAISY procedure [40]. Samples (0.5 g DW) were weighed
directly into F57 filter bags that were sealed with a heater and placed in a Daisy" Incubator (ANKOM
Technology Corp., Fairport, NY, USA) digestion jar. Buffered rumen fluid was prepared according to
Goering and Van Soest [38] and transferred into the jars containing the bags. The jars were then placed
in the Daisy" Incubator at 39 °C, with continuous rotation. After 48 h of incubation in buffered rumen
fluid, the bags were gently rinsed under cold tap water and placed in an ANKOM?® Fiber Analyzer to
remove microbial debris and any remaining soluble fractions using neutral detergent solution so that
true digestibility could be determined. Incubations were performed in duplicate.

2.3.7. In Vitro Rumen Gas Production

Fresh wheat leaf blade samples were cut into 5-mm long pieces prior to all in vitro experiments.
In vitro rumen gas production was determined following the general procedure described previously by
Fay et al. [41] and Min [21,24], with modifications. The method consisted of measuring a syringe
plunger displacement (ml) in 0—6-h incubation periods over a period of 28 h. Total in vitro rumen gas
production was corrected to blank incubations (i.e., no ruminal fluid). The rumen fluid was collected
from a cannulated steer continuously receiving an alfalfa diet, mixed and strained through four layers
of cheesecloth and flushed with CO2 gas for in vitro rumen incubation. The in vifro rumen incubation
procedure consisted of placing 2.5 g of minced fresh forage in 100-mL volumetric flasks containing
50 mL of rumen fluid diluted with artificial saliva [42], buffered to pH 6.8, saturated with CO2 gas and
maintained at 39 °C. Luer-type syringes (30 mL) with a 50/18 hypodermic needle, previously
lubricated with distilled water to ensure consistent plunger resistance and movement to avoid gas
losses, were inserted into the flask rubber stoppers. All gases were collected from the in vitro rumen
incubation for gas production analyses. /n vitro incubation was undertaken in duplicate.

2.4. Experimental Design and Statistics

A completely randomized design with three replicates (containers) per combination of two cultivars
and two or three growth temperatures (depending on the experiment) was used. The temperature effect
on plant carbon status (dry matter content and total sugar concentration), cell wall components
(cellulose, hemicellulose and lignin), crude protein and in vitro rumen gas production at 28 h was
analyzed using two-way ANOVA (Statistica 7, StatSoft Inc., Tulsa, OK, USA). Means were separated
using Tukey’s test at a significance level of 5%. No attempt was made to compare the effect of light
intensity because of differences in temperature conditions between the field enclosure and the growth
chamber experiments.
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3. Results
3.1. Forage Composition
3.1.1. Forage Dry Matter Content

Significantly higher leaf blade dry matter content (DMC) values were found in the cool than in the
warm environments for both cultivars (Table 2); the increase induced by lower temperatures was more
pronounced in winter hardy Pincén than in Patacon (between 23%-29% and 15%—19%, respectively,
for field enclosures, and averaging 47% and 16%, respectively, for growth chambers). Accordingly,
Pincén had a higher DMC in cool environments. Conversely, no significant differences were found
between the two cultivars under warm growing conditions. Transferring the plants from cool to warm
conditions resulted in a significant decrease in DMC in Pincén but not in Patacon for both the field
enclosures and growth chamber experiments.

Similar DMC values between the field enclosures and the growth chamber experiments were found
for Pincén, while in Patacon, the growth chamber values were approximately 12% lower than their
counterparts in the field enclosures.

It is well known that during cold acclimation of grasses, cellular dry matter content increases due to
a transient deposition of many solutes, including non-structural carbohydrates, proteins, amino acids,
etc., while the cell water content may not be affected [43]. Since the RWC in our experiments was
close to saturation (i.e., higher than 96%) and was unaffected by temperature treatments or cultivars,
the changes in DMC reflected the variation in the C concentration, not the plant water status. Because
not all components are accumulated in the same proportion, the concentration of a component that
accumulates less than the average could be seen as diminishing when expressed on a dry matter basis.
For this reason, the concentrations of the different forage components listed below are expressed on a
fresh mass basis, as in similar experiments reported elsewhere [44].

3.1.2. Total Sugar Concentration (TSC)

In general, the TSC results were similar to those of the DMC, with higher leaf blade TSC in cool
than in warm treatments for both cultivars in all experiments (Figure 1), but the cold-induced increases
were larger than for the DMC (between 155%—-167% and 83%-100%, for Pincén and Patacon,
respectively). Within each experiment and under cool conditions, Pincén showed the highest values.

For both cultivars, similar TSC values between the field enclosures and the growth chamber
experiments were attained under the cooler environments. On the other hand, plants grown in growth
chambers under warm conditions had TSC values that were approximately 40% lower than their
counterparts in the field enclosures.
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Table 2. Dry matter content (DMC, g kg~! FM) of leaf blades of wheat cv. Pincén and cv.
Patacon grown in cool (8.1 °C-9.3 °C) or warm (15.7 °C-16.5 °C) field enclosures in the
2005, 2006 and 2008 experiments, and in growth chambers at either 5 °C or 25 °C. Plants
were harvested at the 3rd fully expanded leaf stage, or at the 4th fully expanded leaf stage
for plants that were transferred from cool to warm and from 5 °C to 25 °C in the 2008 field
enclosure experiment and in the second growth chamber experiment, respectively. Values
are the means (+ SE) of three replicates. Within each experiment, different letters indicate
significant differences (p < 0.05).

Pincén Patacén
Field enclosure Cool Cool-Warm Warm Cool Cool-Warm Warm
2005 179+ 69 a N.D. 146 +73 ¢ 161+ 83b N.D. 140+£6.7 ¢
2006 176 £7.1a N.D. 141+3.6¢ 159+ 85D N.D. 140+ 6.0 ¢
2008 175+23a 162+6.7b 136+29¢ 159+6.1b 155+4.6b 134+ 89¢
Growth Chamber 5°C 5°C-25°C 25°C 5°C 5°C-25°C 25°C
Experiment 1 189+103a N.D. 128+7.3¢ 141 £8.7b N.D. 123 £8.6¢

Experiment 2 183+9.0a 156 £5.6b 125+6.1d 142+23c 133+89cd 121 £8.9d

N.D.: Not determined.
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Figure 1. Total sugar concentration (TSC, g-kg™! FM) of leaf blades of wheat cv. Pincén
(black bars) and cv. Patacon (grey bars). (A) plants grown in cool (C, 8.1 °C-9.3 °C) or
warm (W, 15.7 °C-16.5 °C) field enclosures in the 2005, 2006 and 2008 experiments.
(B) plants grown in growth chambers at 5 °C or 25 °C. Plants were harvested at the 3rd
fully expanded leaf stage, or at the 4th fully expanded leaf stage for plants that were
transferred from cool to warm (C-W) and from 5 °C to 25 °C in the 2008 field enclosure
experiment and in the second growth chamber experiment, respectively. Vertical bars
indicate SE (n = 3). Within each experiment, different letters indicate significant
differences (p < 0.05).

3.1.3. Structural Carbohydrates and Lignin

Cellulose and hemicellulose were the main cell wall components, ranging between 18 and 37 g-kg™!
FM, and 12 and 49 g-kg™! FM, respectively (Figure 2). The lignin content was generally low, ranging
between 1.2 and 3.5 g-kg ' FM.

For both cultivars, the cellulose content of the leaf blades increased slightly under cooler conditions
(between 13% and 25%, and 8% and 45% for cool vs. warm conditions for Pincén and Patacon,
respectively, Figure 2A,B) except in the 2005 field enclosure experiment when no significant
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differences were found between temperatures. In the field enclosures, transferring plants from cool to
warm conditions resulted in a slight (4%—7%) but significant decrease in the cellulose content of the
leaf blades. The values obtained in the growth chamber experiments tended to be similar or higher than
their counterparts in the field enclosures.

Hemicellulose varied most among the temperature treatments and cultivars (Figure 2C,D). Similar
to cellulose, the hemicellulose values were generally higher under cool conditions (between 51% and
177%, and between 24% and 95% higher than the warm condition values for Pincén and Patacon,
respectively) with the sole exception of Patacon in the 2006 experiment (—11%). The hemicellulose
values of the transferred plants decreased and approached those of the warm-grown plants. The
hemicellulose values in the growth chamber experiments tended to be lower than those in the field
enclosures, particularly under warm conditions.

The lignin content of the leaf blades was higher under cool conditions (between 19% and 53%, and
12% and 44% higher than the warm condition values for Pincén and Patacon, respectively,
Figure 2E,F). Transferring plants from cool to warm conditions resulted in a 14%-58% reduction in
lignin concentrations, which approached the values of warm-grown plants or were even lower in one
case (Figure 2F). The lignin values in the growth chamber were similar to those for the field
enclosures, with the exception of the transferred plants of Patacon in Experiment 2, which, for
unknown reasons, presented a rather low value.
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Figure 2. Cellulose (g-kg”! FM, A,B), hemicellulose (g-kg”' FM, C,D) and lignin
(g'kg”! FM, E.F) contents of leaf blades of wheat cv. Pincén (black bars) and cv. Patacon
(grey bars). (A,C,E): plants grown in cool (C, 8.1 °C-9.3 °C) or warm
(W, 15.7 °C-16.5 °C) field enclosures in the 2005, 2006 and 2008 experiments. (B,D,F):
plants grown in growth chambers at 5 °C or 25 °C. Plants were harvested at the 3rd fully
expanded leaf stage, or at the 4th fully expanded leaf stage for plants that were transferred
from cool to warm (C-W) and from 5 °C to 25 °C in the 2008 field enclosure experiment
and the second growth chamber experiment, respectively. Vertical bars indicate SE (n = 3).
Within each experiment, different letters indicate significant differences (p < 0.05).
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3.1.4. Crude Protein Concentration

The crude protein (CP) concentration in the leaf blades ranged between 37 and 54 g-kg ' FM, and
32 and 48 g-kg! FM for Pincén and Patacon, respectively. The values for winter hardy Pincén were
significantly higher under cooler conditions in both the field enclosures and the growth chamber
experiments, except for the 2006 experiment when the difference was not significant (Figure 3). In
contrast, no cold-induced increase in CP concentration was observed in Patacon except for the 2006
experiment. Transferring Pincén plants from cool to warm conditions did not significantly modify the
CP concentration in either the field enclosures or the growth chamber experiments. No straightforward
trend was observed for the CP concentration in Patacon. In general, similar values were found in the
field enclosure and the growth chamber experiments, except that for Experiment 2, somewhat higher

values were observed, especially for Pincén.
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Figure 3. Crude protein content (g-kg™! FM) of the leaf blades of wheat cv. Pincén (black
bars) and cv. Patacon (grey bars). (A) plants grown in cool (C, 8.1 °C-9.3 °C) or warm (W,
15.7 °C-16.5 °C) field enclosures in the 2005, 2006 and 2008 experiments. (B) plants
grown in growth chambers at 5 °C or 25°C. Plants were harvested at the 3rd fully
expanded leaf stage, or at the 4th fully expanded leaf stage for plants that were transferred
from cool to warm (C-W) and from 5 °C to 25 °C in the 2008 field enclosure experiment
and in the second growth chamber experiment, respectively. Vertical bars indicate SE
(n = 3). Within each experiment, different letters indicate significant differences (p < 0.05).

3.2. Forage Quality
3.2.1. True in Vitro Dry Matter Digestibility (IVDMD)

The IVDMD values were consistently high (above 75%, Table 3) irrespective of temperature, light
environment, and cultivar. Although in some experiments significant differences were found among
treatments, a straightforward pattern was not observed. In addition, the actual differences were small,
even between the most contrasting treatments (approximately 70 and 40 g-kg™! DM for the field
enclosures and growth chambers, respectively).
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Table 3. True in vitro dry matter digestibility (IVDMD, g-kg! DM) of leaf blades of
wheat cv. Pincén and cv. Patacon grown in cool (8.1 °C-9.3 °C) or warm
(15.7 °C-16.5 °C) field enclosures in the 2005, 2006 and 2008 experiments, and in two
growth chamber experiments at 5 °C or 25 °C. Plants were harvested at the 3rd fully
expanded leaf stage, or at the 4th fully expanded leaf stage for plants that were transferred
from cool to warm and from 5 °C to 25 °C in the 2008 field enclosure experiment and in
the second growth chamber experiment, respectively. Values are the means (+ SE) of three
replicates. Within each experiment, different letters indicate significant differences

(p < 0.05).
Pincén Patacén

Field Enclosure Cool Cool-Warm Warm Cool Cool-Warm Warm
2005 913+ 1.6a N.D. 917+134a 894+49a N.D. 912+ 14.0a
2006 951+332a N.D. 868 +13.4a 942+284a N.D. 905+234a
2008 754 +38.4b 783 +4.3 ab 820+39ab 842+75a 830+2.6 ab 838+29ab

Growth chamber 5°C 5°C-25°C 25°C 5°C 5°C-25°C 25°C
Experiment 1 941+1.6¢ N.D. 972+21a 953+1.8bc N.D. 962 + 3.4 ab
Experiment 2 975+4.6a 963+1.4 ab 936+23d 954+2.1bc 910+£3.5¢ 946 +3.1 cd

N.D.: Not determined.
3.2.2. In Vitro Rumen Gas Production

In vitro rumen gas production analysis of leaf blades was performed for the 2008 field enclosure
experiment and in the growth chamber Experiment 2. Curvilinear relationships were obtained between
cumulative gas production and time up to 28 h of incubation irrespective of temperature, light
environment and cultivar for plants grown at constant temperature (Figure 4).

Different gas production profiles were observed between temperatures and cultivars under constant
temperature. After the first 4-5 h, the cumulative gas production from plants grown under cool
conditions was approximately 65%—70% (field enclosures) or 55%—78% (growth chambers) higher
than the values observed in warm environments for both cultivars. Moreover, Pincén cumulative gas
production after this period was always higher than that observed for Patacon (approximately 35% in
the field enclosures and 17% in the growth chambers).

Linear relationships best fit the data of plants transferred from cool to warm conditions. Cumulative
gas production was considerably reduced in transferred plants, i.e., to values markedly lower than
those of plants grown under warm conditions (—30% and —56% for Pincén, and —15% and —44% for
Patacon for field enclosures and growth chamber experiments, respectively, at 28 h of incubation).

On the other hand, slight differences were found between the light environments for plants of either
cultivar grown at constant temperatures (i.e., at 28 h, the field enclosure values were between —3% and

+11% of the equivalent treatments in the growth chambers).
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Figure 4. Cumulative gas production (ml) of leaf blades of wheat cv. Pincén (A,B) and cv.
Patacon (C,D). (A,C): plants were grown in cool (8.1 °C-9.3 °C, black symbols, solid line)
or warm (15.7 °C-16.5 °C, white symbols, dashed line) field enclosures in the 2008
experiment. (B,D): plants were grown in growth chambers at 5 °C (black symbols, solid
line) or 25 °C (white symbols, dashed line) in Experiment 2. Plants were harvested at the
3rd fully expanded leaf stage except those that were transferred (grey symbols, dotted line)
from cool to warm conditions in the 2008 field enclosure experiment (A,C) or from 5 °C to
25 °C (B,D) in the second growth chamber experiment, in which the plants were
harvested at the 4th fully expanded leaf stage. Values correspond to the incubation of 2.5 g
of minced fresh forage (mean + SE of three replicates). The fitted models are
y=ax (1 —exp(—b x t)) [45], where y is the volume of gas produced at time ¢, a is the final
asymptotic gas volume, and b is the fractional rate of gas production and, for transferred
plants, y =a + b x t, where a is the y-axis value at = 0 and b is the rate of gas production.

4. Discussion

Plant components that affect forage quality, including readily digestible ones (soluble carbohydrates
and crude protein, which are associated with bloat risk [19-21]) and non-digestible ones (lignin)
generally increased under cooler conditions. This led to an increase in the dry matter content of the leaf
blades, which was more pronounced in Pincén than in Patacon (Table 2). In the present work, soluble
carbohydrates showed the most important changes while cellulose showed the least pronounced ones
(Figure 1). In addition, changes were generally more marked in winter hardy cv. Pincén than in cv.
Patacon. An increase in soluble carbohydrate concentration in cold temperatures is a very well known
phenomenon in temperate grasses, which results from photosynthesis being less affected than growth
by cold [46]. This response, which is associated with the capacity of plants to develop freezing
tolerance [47-49], has been reported previously for the wheat cultivars studied here [25,32].
Transferring plants from cool to warm conditions led to a sharp decrease in TSC (Figure 1). This
response may be the consequence of either a decreased TSC concentration in pre-existing leaves, or of
a low concentration in the leaves developed under warm conditions, or more likely a combination of
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both. In any case, preliminary observations indicate that a peak in respiration within the first 24 h after
transfer occurs in Pincén but not in Patacon [50].

Much less is known about the changes in the concentration of structural components due to
temperature. An increase in cell wall thickness in grasses acclimated to cold has been reported [32,51].
Our finding of increased hemicellulose and lignin and, to a lesser extent, cellulose concentrations
under cooler conditions (Figure 2) might be associated with this anatomical response. In plants
transferred from cool to warm environments, the concentration of the different compounds tended to
decrease toward values close to those of warm-grown plants. Since the proportion of the different
components of leaf blades remained unmodified by ontogeny (at least up to the fifth leaf stage; data
not shown) under continuous environmental conditions, the observed changes in forage composition in
transferred plants could be solely attributable to the effect of temperature.

On the other hand, the light environment appeared to have only a marginal effect on the
concentration of forage constituents. It has been argued that because of energy balance factors, low
temperature and high light environments modify grass morpho-physiological characters in a similar
manner (i.e., promoting compactness of growth habit [52], and a comparable redox state of
photosystem II [53]). Nevertheless, it has been noted that freezing tolerance (measured as LT50)
depends on low temperature exposure that is independent of irradiance levels [54]; therefore, the
observed marked increase in TSC due to cold rather than to light is in agreement with the
corresponding winter hardiness of Pincén and Patacon. While cold promotes a strong C accumulation
due to an altered balance between growth and C utilization [46], it has been shown that light intensity
not only favors assimilate availability but also plant growth (i.e., higher shoot fresh mass at harvest in
the field enclosures compared with the growth chambers [28]), thus preventing a substantial
carbohydrate accumulation. Consequently, within each temperature treatment (i.e., cool and 5 °C or
warm and 25 °C), plants grown under higher irradiances (field enclosures) were larger than those
grown under low irradiances (growth chambers), as shown previously [28].

Both parameters of forage quality, i.e., IVDMD and gas production, had markedly different
responses to growing conditions and cultivar (Table 3 and Figure 4). A low correlation between both
parameters was reported previously [55]. A first possible reason for the divergence between the two
parameters could be the different incubation times. IVDMD was assessed at the end of a
48 h-incubation period while cumulative gas production assessed the dynamics of forage degradation
up to 28 h, which is sensitive to changes in the proportion of forage constituents that differ in digestion
rates. A 48 h-incubation period exceeds the ruminal retention time of high quality feeds in animals of
high potential production (e.g., < 24 h) [56]. However, a second major factor is that fresh tissue was
used for analyzing gas production, in contrast with [IVDMD, which uses dry matter. Thus, variation in
the dry matter content of the tissue is likely to modify only in vitro rumen gas production. There is
strong evidence indicating that voluntary consumption of fresh forage by ruminants is closely related
to forage volume (which in turn is related to fresh mass), and not to dry mass [57,58]. Therefore,
in vitro rumen gas production from fresh forage incubation may more closely reflect what is actually
happening in the animal rumen.

Despite large variations in the concentration of the forage components, IVDMD was almost
unaffected by changes in temperature, light environment or cultivar (Table 3). There are reports
indicating that cool temperatures may increase [IVDMD. For example, this response has been found in
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tall fescue [59], timothy [60,61], and six other temperate grasses [61]. However, in other cases, no
consistent effect of temperature on IVDMD was found [62]. A possible explanation for the lack of
IVDMD increase at low temperature here is that even under warm environments, the values were high
(ranging from 820 to 917 g-kg ' DM in the field enclosures and 936 to 972 g-kg ' DM in the growth
chambers). The high values of IVDMD were expected since we evaluated the forage quality of the leaf
blades of very young wheat plants in this study. It is well known that IVDMD decreases with leaf
age [63,64].

Contrasting results have been reported with respect to the effect of light on IVDMD [65]. It has
been suggested that only shade-intolerant species have their quality reduced by shade, mainly because
of a decrease in total soluble carbohydrate concentration [66]. In our experiments, plants from the
growth chambers (i.e., lower light intensity) tended to show higher IVDMD values than those from the
field enclosures (Table 3).

On the other hand, in vitro rumen gas production was largely modified by temperature and, to a
lesser extent, by cultivars (Figure 4). In general, variation in gas production was in agreement with the
changes in TSC (Figure 1). This is expected since gas is produced as the result of fermentation by
ruminal fluid. The only exception was observed in transferred plants, which exhibited the lowest gas
production despite showing TSC values that were higher than those of warm grown plants. In this
sense, it has been shown that a high proportion of TSC in cold-acclimated plants consists of fructans
that are inserted into the lipid headgroup region of the plasma membrane and help to stabilize it under
freezing stress [67—69]. Given the fact that fructans may represent as much as 80% of TSC in
cold-acclimated wheat [70], a hypothesis for further study is that part of the fructans inserted in the
plasma membranes during growth at low temperature could remain there for a certain time after plants
have been subjected to warmer conditions. This category of fructans might be less easily fermented by
ruminal enzymes, but still captured in the chemical quantification of TSC. Because gas production is
associated with bloat risk, information from further research into these points could be useful for
grazing management of dual-purpose wheat crops grown in environments with changing temperatures
in the autumn-winter period, conditions commonly found in the Argentinean Pampas.

It is well known bloat risk is tightly related to high sugar levels [19-21], but in turn, the latter are
required for high freezing tolerance [47—49]. Consequently, it appears that simultaneously improving
wheat for both low bloat risk and freeze hardening may be difficult. However, if the hypothesis that
fructan inserted into the plasma membranes is less readily fermented in the rumen is supported, then
studying genotype-associated variation in fructan partitioning between soluble and membrane-bound
fractions could provide useful information for breeding purposes.

5. Conclusions

In parallel with the expected increase in sugar accumulation, low temperatures led to an increase in
hemicellulose and crude protein concentration. This response was more marked in the hardy cultivar
Pincén. While negligible changes in response to temperature were observed in in vitro dry matter
digestibility, in vitro rumen gas production was much higher at cooler temperatures, especially in the
higher sugar accumulating cultivar. This effect was rapidly reversed in plants transferred from cool to
warm conditions. In contrast to temperature, light intensity appeared to have a lower impact on forage
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quality. Future experiments should focus on the remobilization of cool-induced membrane-bound
fructans and their association with rumen gas production in animals.
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