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Abstract 22 
• Background and Aims: Soil acidity currently limits root growth and crop production in 
many regions whilst climate changes raise many uncertainties regarding future food supply. 24 
However, it is unknown how elevated CO2 (eCO2) affects the performance of wheat crops in 
acid soils under field conditions. We investigated the effects of eCO2 on plant growth and 26 
yield of three pairs of near-isogenic hexaploid wheat lines differing in alleles of aluminium-
resistant genes-TaALMT1 (conferring root malate efflux) and TaMATE1B (conferring citrate 28 
efflux).  
• Methods: Plants were grown till maturity in an acid soil under ambient CO2 (400 µmol 30 
mol-1) and eCO2 (550 µmol mol-1) in a soil free-air CO2 enrichment facility (SoilFACE). 
Growth parameters and grain yields were measured. 32 
• Key Results: Elevated CO2 increased grain yield of lines carrying TaMATE1B by 22% 
and lines carrying only TaALMT1 by 31%, but did not increase the grain yield of Al3+-34 
sensitive lines. Although eCO2 promoted tiller formation, coarse root length and root biomass 
of lines carrying TaMATE1B, it did not affect ear number, and thus limited the yield 36 
potential. By contrast, eCO2 decreased or did not change these parameters for lines carrying 
only TaALMT1, and enhanced biomass allocation to grains resulting in increased grain yield. 38 
Despite TaMATE1B is less effective than TaALMT1 at conferring Al3+ resistance based on 
root growth, the gene promoted grain yield to a similar level to TaALMT1 when grown in the 40 
acid soil. Furthermore, TaALMT1 and TaMATE1B were not additive in their effects.  
• Conclusions: As atmospheric CO2 increases, it is critical that both Al3+-resistance genes 42 
(particularly TaALMT1) should be maintained in hexaploid wheat germplasm in order for 
yield increases from CO2 fertilisation to be realised in acid soils. 44 
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INTRODUCTION  
Climate change is a serious threat to agricultural production and food security (IPCC, 2014; 50 
Long et al., 2004). Fortunately, the causative increase in atmospheric CO2 concentration 
promotes plant photosynthesis and crop yield, and counteracts some of the negative impacts 52 
on food supply (Long et al., 2004; Wang et al., 2013).  However, the magnitude of yield 
increase due to elevated CO2 (eCO2) differs among species, cultivars, and environmental 54 
factors (Ainsworth, 2008; Wang et al., 2015; Wang et al., 2013). Yield gain under eCO2 
decreases for wheat cultivars with a reduced vigor during the vegetative growth 56 
(Manderscheid and Weigel, 1997) and for rice grown under stressed conditions such as in 
cadmium-polluted soils (Wu et al., 2016).  58 
 
Acid soils comprise around 50% of the area of the world’s arable lands (Kochian et al., 60 
2015). Crops often fail to realise their full yield potential on acid soils because of poor root 
growth, mainly resulting from aluminium (Al3+) toxicity or P deficiency or a combination of 62 
both (Kochian et al., 2015). To date, the efflux of organic anions and the genes that underlie 
these mechanisms are the most thoroughly described Al3+ resistance mechanisms in 64 
hexaploid wheat (Triticum aestivum L.) (Ryan et al., 2011). A resistant allele of TaALMT1 
encodes a transporter protein conferring malate efflux, which is specifically activated by the 66 
presence of Al3+ and forms a malate-Al complex that is thought to detoxify Al3+ in 
rhizosphere or apoplast (Delhaize et al., 1993b; Ryan et al., 1995). Another gene that confers 68 
Al3+-resistance is TaMATE1B which encodes a transporter protein conferring citrate efflux 
but is less effective than TaALMT1 in hexaploid wheat in protecting root growth from Al3+ 70 
toxicity (Dong et al., 2018; Han et al., 2016; Ryan et al., 2009). By conferring improved root 
elongation in acid soils, the TaALMT1 gene has been shown to increase plant productivity 72 
and grain yield of hexaploid wheat grown in acid soils (Tang et al., 2001; 2002). There are no 
reports of similar field experiments with hexaploid wheat lines that possess Al3+-resistant 74 
alleles of the TaMATE1B gene grown in acid soils, although field trials on soils without Al3+ 
toxicity did not show improved grain yield (Ryan et al., 2014). 76 
 
To date, the effect of eCO2 on grain yield of wheat lines carrying resistant alleles of 78 
TaALMT1 and TaMATE1B grown in acid soils has not been reported. Improved root growth 
under eCO2 could promote nutrient uptake, thus plant productivity and yield (Kochian et al., 80 
2004; Norby and Zak, 2011). Our previous short-term (24 d) study conducted on wheat 
seedlings grown in acid soils showed that eCO2 promoted root elongation of wheat lines 82 
carrying TaALMT1 and/or TaMATE1B to a greater extent than Al3+-sensitive wheat lines that 
had Al3+-sensitive alleles of both genes (Dong et al., 2018). This result is likely due to Al3+ 84 
resistance conferring improved root elongation on acid soils (Delhaize et al., 2012), and 
improved root growth allowing a greater yield response to eCO2 as observed for wheat grown 86 
in non-acid soils (Kirschbaum, 2011; Rogers et al., 1995). For Stipa krylovii L. grown in a 
Calcic-orthic Aridisol (P deficient), eCO2 decreased malate exudation of the intact roots but 88 
did not affect citrate exudation (Liu et al., 2016). In another study, malate addition slightly 
decreased root elongation of wild-type Arabidopsis grown in P-deficient solution, whilst 90 
citrate addition promoted the root elongation (Mora-Macías et al., 2017). From these 
observations, it is expected that eCO2 might decrease Al3+ resistance or root elongation, and 92 
thus reduce grain yield of hexaploid wheat lines carrying TaALMT1, whilst the reverse could 
be true for wheat that carrying TaMATE1B, although one needs to be cautious in 94 
extrapolating findings across species. 
 96 
This study was conducted in a free-air CO2 enrichment systems (FACE) using three near-
isogenic pairs of hexaploid wheat lines varying in alleles of TaALMT1 and TaMATE1B. The 98 



lines were grown to maturity in an Al3+-toxic and P-deficient acid soil. We hypothesized that 
eCO2 would promote root growth, and thus plant growth and grain yield of Al3+-resistant 100 
lines to a greater extent than sensitive lines when grown in acid soils. Amongst the Al3+-
resistant lines, the growth and yield response would be greater in wheat lines carrying 102 
TaMATE1B compared to those carrying TaALMT1.  
 104 
MATERIALS AND METHODS 
Experimental design 106 
The experiment was a split-plot design conducted in soil columns in the soil free-air CO2 
enrichment systems (SoilFACE) in Horsham, Victoria Australia (36°44′57′′ S, 142°06′50′′ E) 108 
for 203 d from 2 June to 21 December 2016. The details of SoilFACE systems can be found 
in Mollah et al. (2009). The experiment consisted of two CO2 levels as the main plot (rings) 110 
and six wheat lines as the sub-plot. There were four rings as four replicates for each CO2 
concentration (eight rings in total) maintained at either 400 µmol mol-1 (ambient CO2, aCO2) 112 
or 550 µmol mol-1 (eCO2). The position of each of these subplots within each ring was fully 
randomized. The six wheat lines were three near-isogenic pairs varying in Al3+ resistance due 114 
to differences in organic anion efflux from root tips. The three pairs of near-isogenic lines 
(NILs) comprised of: (a) ES8 (carrying Al3+-sensitive alleles of both TaALMT1 and 116 
TaMATE1B genes; Al3+-sensitive line) and ET8 (carrying an Al3+-resistant allele of 
TaALMT1 gene; Al3+-resistant line), (b) Egret (carrying Al3+-sensitive alleles of both 118 
TaALMT1 and TaMATE1B genes; Al3+-sensitive line) and Egret TaMATE1B (carrying an 
Al3+-resistant allele of TaMATE1B gene; Al3+-resistant line), (c) EGA-Burke (carrying an 120 
Al3+-resistant allele TaALMT1 gene; Al3+-resistant line) and EGA-Burke TaMATE1B 
(carrying an Al3+-resistant allele of both TaALMT1 and TaMATE1B genes, Al3+-resistant line) 122 
(Delhaize et al., 1993a; Han et al., 2016). For simplicity, here we refer to Al3+-resistant lines 
that carry Al3+-resistant alleles as lines carrying TaALMT1 or TaMATE1B unless otherwise 124 
specified. Previous short-term experiments have shown that TaALMT1 is a more effective 
Al3+-resistant gene than TaMATE1B (Han et al. 2016). The experimental soil was a 126 
composite acid soil made by combining a Dermosol and a Ferrosol (Isbell, 1996), both 
collected from Kinglake, Victoria (Table 1). ES8 and ET8 were also grown in limed acid 128 
soils to establish the effect of eCO2 on wheat growth in the absence of Al3+ toxicity. In 
addition, “control” columns without plants were also included in these treatments.   130 
 
Soil preparation and plant growth 132 
The soils were air-dried, passed through a 4-mm sieve and stored in plastic bins before use. 
Each soil column (0.60 m in height and 0.15 m in diameter) consisted of 2.2 kg of the 134 
Ferrosol mixed with 1 g CaCO3 kg-1 soil as a topsoil (0-0.10 m) and 8.8 kg mixture of the 
Dermosol and the Ferrosol (20/80, w/w) as a subsoil (0.10-0.50 m). A preliminary 136 
experiment indicated the soil column gave good separation of growth parameters of the 
various lines in response to the soil acidity. The limed soils used the same mixtures but 5 g of 138 
CaCO3 kg-1 soil was mixed into both the topsoils and subsoils to remove Al3+ toxicity. Basal 
nutrients were applied as follows (mg kg-1 soil): K2SO4, 441; MgSO4.7H2O, 122; 140 
CaCl2.2H2O, 186; KH2PO4, 112.5; CO(NH2)2, 60; CuSO4.5H2O, 6; ZnSO4.7H2O, 8; 
NaMoO4.2H2O, 0.4; and H3BO3, 1.04, and mixed into both topsoil and subsoil. After the 142 
columns were filled with soils, they were watered with reverse osmosis (RO) water to 100% 
field capacity and allowed to equilibrate for one week before seeds were sown. The bottoms 144 
of columns were perforated to allow drainage during the winter and early spring. The 
columns were sealed from Day 144 and watered by weighing over the dry half of spring. 146 
 



Twenty pre-germinated seeds (1 d at 25 ˚C) were sown at 2-cm depth into each column and 148 
the columns were then placed into the FACE rings with the top of each column at the soil 
surface of the surrounding field. The seedlings were thinned twice to allow a final number of 150 
4 uniform plants per column. To minimise the potential deficiencies of N and P, 1125 mg 
KH2PO4 (256 mg P) and 1320 mg CO(NH2)2 (616 mg N) were added to each column as five 152 
separate top-dressing applications prior to anthesis.  
 154 
The site has a Mediterranean climate with a cool wet winter and a hot dry summer. Soils 
were rain-fed during the wet season, and were watered to 100%-120% field capacity by 156 
weighing the columns twice a week during grain filling. Polyethylene beads were added to 
the soil surface to minimise evaporation after the first watering. CO2 treatments were stopped 158 
at the firm-dough stage of development and the plants were kept in the rings until they 
reached grain maturity. Over the experimental period, the weather record was taken from the 160 
Horsham Aerodrome Climatological Station (079100) which is 10 km from the experimental 
site (Figure S1). The total rainfall was 302 mm ranging from 9 mm to 91 mm monthly. The 162 
maximum monthly mean temperature ranged from 13.2 ˚C to 27.2 ˚C, minimum monthly 
mean temperature from 3.6 ˚C to 8.3 ˚C, and monthly mean solar radiation from 2.2 to 6.7 164 
kWh m-2. 
 166 
Measurements  
Net photosynthetic rates, transpiration rates and stomatal conductance of flag leaves were 168 
measured at flowering in the field using a portable photosynthesis system (Li-Cor, Lincoln, 
US). Measurements were conducted between 0900 and 1200 hrs on sunny days, with the 170 
temperature ranging from 22 to 30 ˚C. Three flag leaves with moderate growth vigor in each 
column were used for measurements from pair to pair of the wheat NILs and from replicate 172 
to replicate to minimize the effect of environmental variations. Instantaneous transpiration 
efficiency was calculated by dividing net photosynthetic rates by transpiration rates. As the 174 
columns were sealed from Day 144 to maturity, the water input per column in this period was 
estimated as a combination of each water addition and rainfall, and weight loss of the 176 
column. Water-use efficiency was calculated as a division of total biomass by the total of 
water addition and rainfall over the entire growing season.  178 
 

Shoot biomass was measured at Days 67 and 85 and at crop maturity (Day 203). The tiller 180 
numbers were recorded at Days 97 and 107 and at maturity. At maturity, total tiller and ear 
numbers were counted, shoots were cut at ground level, and soil columns were temporarily 182 
stored at 4 ˚C to avoid root decomposition. The columns were disassembled and divided into 
three soil layers: 0-0.1 m, 0.1-0.2 m and 0.2-0.5 m. Roots of each layer were separated from 184 
soil by washing with tap water, and then floated in RO water in a clear plastic tray and 
scanned using a flatbed scanner (Epson EU-35, Seiko Epson Corp., Japan) at a resolution of 186 
600 dots per inch. Root length was determined using WinRhizo Pro version 2003B software 
(Régent Instruments Inc., CA). The roots with diameter <0.3 mm are defined as fine roots 188 
and those >0.3 mm as coarse roots. All the plant materials were washed thoroughly with RO 
water and oven-dried at 70 ˚C for 3 d prior to weighing. The dried heads were threshed, 190 
separated from chaff, and total grain and thousand-grain weights were recorded.  
 192 
Grains were finely ground using a mixer mill (MM400, Retsch GmbH, Germany). A 0.3 g 
subsample of ground plant material was digested with 8 ml concentrated nitric acid (HNO3) 194 
in Eppendorf reaction vials using a microwave reactive system (Multiwave 3000, Anton Paar 
GmbH, Austria). All digests were diluted into 50-ml tubes and analysed for P, Ca, Mg, S, Fe, 196 
Mn, and Zn using an inductively coupled plasma atomic emission spectrometer (ICP-AES, 



Optima 8000, PerkinElmer, US). The ground grains were also used for N determination using 198 
a CHNS/O analyser (EA2400, PerkinElmer, US), and the protein concentration was 
calculated by multiplying N concentration by 5.7 (Högy et al., 2009).  200 
 
Statistical analysis  202 
The data were analysed with linear mixed models to determine the main effect of CO2 and 
wheat line and their interactions in GenStat user interface (Version 17.1, VSN International, 204 
UK). CO2 and line were used as fixed effects and whole plot (ring) as a random effect. Since 
least significant difference tests (LSD) multiple range tests may not have detected CO2 206 
effects due to large differences when all lines were analysed together, Student’s two-tailed t-
test was specifically performed to determine the CO2-effect of individual lines or within pairs 208 
of NILs using Microsoft Excel 2016 rather than the LSD values. The correlation between 
total tiller number and total root biomass/shoot biomass was done using Microsoft Excel 210 
2016. The effects were considered significant at 5% confidence levels (p<0.05) and near-
significant at 10% confidence levels (p<0.1).  212 
 
RESULTS 214 
Grain yield and biomass 
Elevated CO2 increased grain yield of all wheat lines by an average of 20% (p=0.027). 216 
Specifically, eCO2 increased the yield of lines ET8 (Al3+-resistant allele of TaALMT1) by 
32% (p=0.016) and EGA-Burke (Al3+-resistant allele of TaALMT1) by 30% (p=0.017), and 218 
showed a similar trend for a line that carried only Al3+-resistant allele of TaMATE1B (Egret 
TaMATE1B; 23%, p=0.099) and a line that carried both Al3+-resistant allele of TaALMT1 and 220 
TaMATE1B genes (EGA-Burke TaMATE1B; 21%, p=0.025), whilst it did not significantly 
affect the grain yield of sensitive lines ES8 and Egret (Figure 1). Elevated CO2 increased the 222 
harvest index of ET8 by 22% (p=0.014) and tended to increase that of EGA-Burke by 7% 
(p=0.080), with no effect on that of other lines (Table S1). On average, EGA-Burke had the 224 
greatest yield, followed by EGA-Burke TaMATE1B, ET8, Egret TaMATE1B, Egret and ES8 
the least. Compared to their sensitive NILs, the effects of both TaALMT1 (ET8) and 226 
TaMATE1B (Egret TaMATE1B) genes on grain yield of the lines grown in the acid soil (data 
of CO2 treatments combined) were significant, with the increases of 163% and 109%, 228 
respectively. However, there was no significant effect of TaMATE1B in addition to 
TaALMT1 (Figure 1).  230 
 
Compared with aCO2, eCO2 did not affect total root biomass (p=0.427). Elevated CO2 had 232 
variable effects on root biomass that were not consistent across lines. Specifically, eCO2 
tended to decrease root biomass of Egret by 25% (Figure 2; p=0.061), and ET8 by 27% 234 
(p=0.039). However, eCO2 increased root biomass in lines carrying Al3+-resistant allele of 
TaMATE1B- Egret TaMATE1B by 24% (p=0.037) and EGA-Burke TaMATE1B by 26% 236 
(p=0.029). Elevated CO2 tended to increase shoot biomass of Egret TaMATE1B by 38% 
(p=0.013) and EGA-Burke TaMATE1B by 21% (p=0.080), and EGA-Burke by 21% 238 
(p=0.093), with no significant effect on that of other lines. As a result, eCO2 decreased root-
to-shoot biomass ratio (p=0.015) across all lines. Elevated CO2 decreased the root-to-shoot 240 
ratio of ET8 (p=0.015) and tended to decrease that of EGA-Burke (p=0.067), whilst it had no 
effect on sensitive and TaMATE1B lines (Table S1). The total tiller number was related to 242 
total root biomass (r=0.83, p<0.001) and shoot biomass (r=0.91, p<0.001). Elevated CO2 
increased the total tiller number by an average of 11% (p=0.012). Specifically, eCO2 244 
increased the tiller number of Egret TaMATE1B by 37% (p=0.041) and EGA-Burke 
TaMATE1B by 21% (p=0.037), with no significant effect on other lines. As found for grain 246 
yield, Al3+-resistant lines harbouring either the TaALMT1 or TaMATE1B gene had greater 



total root biomass, shoot biomass, and total tiller number when compared to their near-248 
isogenic sister lines (Figure 2). When compared to ES8, ET8 had 161%, 168% and 80% more 
total root biomass, shoot biomass, and total tiller number, respectively. The effect on Egret 250 
TaMATE1B was less dramatic for these parameters when compared with Egret, showing 
increases of 129%, 91%, and 47%, respectively. The effect of the TaMATE1B gene did not 252 
appear to be additive with TaALMT1 since EGA-Burke TaMATE1B showed no increase in 
these parameters relative to its near isogenic pair EGA-Burke.  254 
 
Root length  256 
The total root length followed a similar pattern as total root biomass in response to eCO2 
(Figure 3). Elevated CO2 decreased total root length of the lines only carrying TaALMT1 258 
gene-ET8 by 27% (p=0.089) and EGA-Burke by 15% (p=0.010) with no significant effect on 
sensitive lines and lines carrying TaMATE1B gene. Elevated CO2 tended to decrease the total 260 
fine root length of lines only carrying TaALMT1 gene ET8 (p=0.076) and EGA-Burke 
(p=0.083). By contrast, eCO2 increased total coarse root length of lines carrying TaMATE1B 262 
gene-Egret TaMATE1B (p=0.011) and EGA-Burke TaMATE1B (p=0.033), but not of other 
lines. Again, the lines harbouring the Al3+-resistant genes conferred greater root growth on 264 
the acid soil compared to their near-isogenic pairs. When combing data for the CO2 
treatments, ET8 had 253%, 290% and 201% greater total root length, fine and coarse root 266 
length, respectively, than ES8. Similarly, Egret TaMATE1B had improved root growth with 
increases in these parameters of 104%, 68% and 143%, respectively, compared to Egret. As 268 
observed for root mass, the effect of the resistant genes was not additive on root length with 
EGA-Burke showing similar root growth to EGA-Burke TaMATE1B. 270 
 
Relative growth  272 
Growth parameters of ET8 and ES8 in the acid soil were also expressed as percentages of 
growth parameters in the limed soil and were referred to as relative values. Figure 4 shows 274 
that eCO2 decreased the relative root length of ES8 by 20% (p=0.016). Similarly, eCO2 
tended to decrease relative root biomass of ES8 by 32% (p=0.096) and ET8 by 18% 276 
(p=0.004). The relative grain yield of both lines remained stable under eCO2. The relative 
data show the large benefit of wheat having TaALMT1 when grown in acid soil. Table S2 278 
shows the absolute data for the various parameters and includes measurements of shoot 
biomass and tiller number at Day 97, 107 and at maturity. Table S2 shows that eCO2 280 
increased grain yield of both ET8 and ES8 on limed soil whereas only ET8 had an increased 
grain yield on unlimed acid soil.  282 
 
DISCUSSION 284 
Elevated CO2 increased the grain yield of Al3+-resistant lines but not of Al3+-sensitive lines 
when grown in the acid soil. More specifically, although there were no CO2 × line interactions 286 
on the components of yield due to the large variation inherent in field studies (Table S1), the 
greater yield increase of Al3+-resistant compared to Al3+-sensitive lines can be largely 288 
attributed to the greater ear number. This conclusion is consistent with studies showing that 
an increased ear number contributes to a yield increase (Dijkstra et al., 1999; Hakala, 1998; 290 
Wang et al., 2015). The average 20% increase in grain yield across all lines due to eCO2 is 
well within the range of a previous meta-analysis that found an average increase of 24% in 292 
grain yield under eCO2 for wheat grown on a range of soils (Wang et al., 2013). Similarly, a 
FACE study with a similar atmospheric environment as our study showed a grain yield 294 
increase of 24% for wheat grown in the field under dryland conditions (Fitzgerald et al., 
2016). TaALMT1 and TaMATE1B genes confer the Al3+-resistant lines a greater ability to 296 
promote root growth and thus shoot growth including potentially increased leaf area which 



allows plants to respond to eCO2 to a greater extent than Al3+-sensitive lines. Our results also 298 
showed that both TaALMT1 and TaMATE1B genes frequently increased concentrations of 
nutrients in shoots, particularly P which was below the critical value (Ryan et al., 2014) at the 300 
vegetative stage when compared the resistant lines with their sensitive isogenic pairs (Table 
S3).  302 
 
Amongst the Al3+-resistant lines, the increased grain yield due to eCO2 of lines carrying Al3+-304 
resistant allele of TaMATE1B (Egret TaMATE1B and EGA-Burke TaMATE1B) could be 
largely attributed to their increased growth as indicated by plant shoot biomass and number 306 
of tillers (Figure 2). By contrast, the increases in harvest index of lines only carrying Al3+-
resistant allele of TaALMT1 (ET8 and EGA-Burke) might contribute to the yield increase to 308 
an extent (Table S1). The difference in growth between the lines carrying TaMATE1B gene 
and those carrying only TaALMT1 gene could stem from the differences in biomass 310 
allocation. Amongst the Al3+-resistant lines, eCO2 maintained biomass allocation to roots of 
lines carrying TaMATE1B gene (Egret TaMATE1B and EGA-Burke TaMATE1B) but 312 
decreased that of lines carrying only TaALMT1 gene (ET8 and EGA-Burke) (Table S1). 
More specifically, when the various root types were analysed, eCO2 consistently increased 314 
only coarse root length (likely nodal roots) in lines carrying TaMATE1B gene (Figures 3). 
The greater improvement of net photosynthetic rates and stomatal conductance in flag leaves 316 
and water-use efficiency of lines carrying TaMATE1B gene under eCO2 (Table S4) are 
consistent with the greater promotion of root growth from eCO2 relative to lines carrying 318 
only TaALMT1. Therefore, it appears that the yield increase of the resistant lines under eCO2 
could not all be attributed to improved root growth.  320 
 
This study thus did not support our speculation that the more Al3+-resistant a line was, the 322 
more root elongation there would be under eCO2. This argues against our hypothesis that 
improved grain yield due to eCO2 would be driven by improved root growth although it 324 
appears to be the case when Al3+-resistant lines as a group are compared to Al3+-sensitive 
lines. The main reason for the discrepancy could be that Al3+-toxicity in the acid soil used 326 
inhibited fine root growth (Figure 3 and Table S3), which might impair the root function for 
nutrient uptake. We speculate that in highly Al3+-toxic conditions, the increased carbon 328 
availability under eCO2 is more likely used for biomass accumulation in shoots and coarse 
roots or to form grain yield instead of improving fine root growth as occurred under non-330 
stressed conditions. Therefore, more biomass can be translocated to grains of the lines 
carrying only TaALMT1 when less biomass was allocated to the roots. 332 
 
Lines carrying TaMATE1B gene also formed more tillers under eCO2 than lines carrying only 334 
TaALMT1 gene (Tables 1 and S5). However, the increased tillers were unable to develop to 
effective tillers (Table S1) resulting in a greater number of infertile tillers (haying off). The 336 
greater mass of nodal roots associated with greater tiller initiation might limit biomass 
allocation to grain to some extent as well (Watt et al., 2008). Tausz-Posch et al. (2015) 338 
observed similar carbon allocation to non-effective tillers in wheat cv. Silverstar and 
speculated that the greater early vegetative growth decreased the amount of water available 340 
for grain filling later in the growing season (Herwaarden et al., 1998). However, eCO2 
decreased the water consumption and slightly increased soil water content (Table S4 and 342 
Figure S2). It is therefore unlikely that the tiller abortion resulted from water deficit. Since 
lines carrying TaMATE1B gene enhanced carbon allocation to roots under eCO2, the early 344 
tillers possibly could not receive enough carbon to complete their development, resulting in 
the tiller abortion. Alternatively, TaMATE1B gene might respond to other soil factors apart 346 
from Al3+ toxicity, which favoured biomass allocation to the root under eCO2.  



 348 
This is the first study to report that the introgression of TaMATE1B into an Al3+-sensitive 
hexaploid wheat cultivar promoted grain yield of wheat in the field in an acid soil (Figure 1). 350 
The introgression of TaMATE1B into a sensitive hexaploid wheat cultivar was far less 
effective than TaALMT1 in enhancing acid-soil tolerance when considering root and shoot 352 
growth parameters at maturity (Figures 2 and 3). Despite TaMATE1B being less effective 
than TaALMT1 in conferring improved shoot and root biomass in an acid soil, TaMATE1B 354 
was as effective as TaALMT1 in increasing grain yield (Figure 1). The greater harvest index 
and reduced biomass allocation to roots resulting from TaMATE1B gene (Table S1) might 356 
have resulted in greater relative biomass allocation to grain and thus grain yield while still 
maintaining sufficient root growth. Despite the benefit of each gene acting independently 358 
they did not appear to be additive since in the EGA-Burke background which has TaALMT1, 
the plant growth and grain yield were not increased by the inclusion of TaMATE1B. 360 
Similarly, there was no additive effect of the gene in a short-term study using the lines grown 
in a Ferrosol (Han et al., 2016). However, a previous short-term chamber study using a very 362 
Al3+-toxic Dermosol showed that there was an additive effect on root length (Dong et al., 
2018), suggesting that an additive effect might only be realised in highly Al3+-toxic soils. 364 
 
The increases in shoot biomass, tiller number, and root biomass of ES8 and ET8 at maturity 366 
when grown in limed soils (Table S2, absolute data) indicates that eCO2 increased plant 
performance, which is consistent with previous studies for wheat grown on non-acid soils 368 
(Long et al., 2004; Wang et al., 2013). The relative data (Figure 4) shows the benefit of 
having TaALMT1 on various plant growth parameters including grain yield when ET8 and 370 
ES8 were grown on an acid soil as previously found (Tang et al., 2002). However, eCO2 
decreased the acid-soil tolerance of sensitive line-ES8 and tended to decrease that of resistant 372 
line-ET8 when grown in acid soils as indicated by the general decreases in relative root 
length, relative root biomass and relative total biomass accordingly (Figure 4). This finding is 374 
consistent with a previous short-term study using a controlled-environment chamber showing 
that eCO2 decreased acid-soil tolerance of ES8 (Dong et al., 2018). Reduced relative root 376 
biomass of ET8 might be due to the reduced rates of carbon fixation in this study (t-test, 
p=0.033, Table S4), which probably resulted from the photosynthetic acclimation by longer-378 
term eCO2 exposure or lower CO2 level, resulting in less carbon input into root elongation 
(Kirschbaum, 2011) or less antioxidants to counteract Al3+ toxicity (Pietrini et al., 2016). 380 
 
In our study, eCO2 did not affect grain quality in terms of protein and mineral concentrations 382 
(Table S6). This contrasts with findings that eCO2 decreases grain concentrations of protein 
(Taub et al., 2008) and minerals in various crops (Loladze, 2014; Myers et al., 2014) as well 384 
as wheat (Högy and Fangmeier, 2008). Environmental or species variations may have 
contributed to these differences (Fernando et al., 2014; Högy and Fangmeier, 2008).  386 
 
CONCLUSIONS 388 
This FACE study demonstrated that eCO2 increased the grain yield of wheat lines carrying 
only TaALMT1 gene (ET8 and EGA-Burke) or TaMATE1B (Egret TaMATE1B and EGA-390 
Burke TaMATE1B) but not of sensitive lines (ES8 and Egret) when grown in an Al3+-toxic 
soil. The increased grain yield could not be attributed to improved root growth since eCO2 392 
reduced or did not affect the total root length and biomass of lines carrying only TaALMT1 
gene-ET8 and EGA-Burke. By contrast, eCO2 improved the coarse root length and tiller 394 
formation in lines carrying TaMATE1B, which may have resulted in a greater abortion of 
tillers and limited the biomass allocation to grains relative to lines carrying only TaALMT1. 396 
The introgression of TaMATE1B gene into cv. Egret increased the grain yield in the acid soil 



to a similar level as ET8 which has TaALMT1. This was despite TaMATE1B being a less 398 
effective Al3+-resistance gene than TaALMT1 based on the ability to protect root growth. 
However, despite the Al3+-resistance genes conferring improved grain yield when present 400 
individually, their effects were not additive. As the atmospheric CO2 inevitably increases in 
the future, wheat breeders should maintain the resistant genes (TaALMT1 and TaMATE1B) in 402 
their germplasm, but be prudent in using TaMATE1B as a source of Al3+ resistance in Al3+-
toxic soils. Further studies are needed to ascertain the reliability of the respective resistant 404 
genes and to assess the lines grown in the field on various acid soil sites over multiple 
seasons under a range of climatic conditions. 406 
 
SUPPLEMENTARY DATA 408 
Table S1. Root-to-shoot biomass ratio (root/shoot), harvest index and the yield components 
of six wheat lines grown to maturity in an acid soil under two CO2 concentrations (aCO2, 400 410 
µmol mol-1 and eCO2, 550 µmol mol-1). 
Table S2. Shoot biomass at Days 67 and 85 and maturity, tiller number at Days 97 and 107 412 
and maturity, and growth parameters (root biomass, root length, root-to-shoot biomass ratio 
(root/shoot) and grain yield) at maturity of two wheat lines (ES8 and ET8) grown in an acid 414 
soil with or without lime under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 
550 µmol mol-1).  416 
Table S3. Concentration of nutrients in shoots of plants (67 d and 85 d from sowing) of six 
wheat genotypes grown in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 418 
and eCO2, 550 µmol mol-1).  
Table S4. Net photosynthetic rates, stomatal conductance, instantaneous transpiration 420 
efficiency of the flag leaf at the flowering stage, and water input and water-use efficiency of 
six wheat lines grown in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 422 
and eCO2, 550 µmol mol-1). 
Table S5. Shoot biomass (Days 67 and 85) and tiller number (Days 97 and 107) of six wheat 424 
lines grown in an acid soil at various growth stages under two CO2 concentrations (aCO2, 400 
µmol mol-1 and eCO2, 550 µmol mol-1).  426 
Table S6. Concentrations of protein and nutrients in grains of six wheat lines grown in an acid 
soil under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1).  428 
Figure S1. Rainfall, daily solar radiation, daily maximum temperature (Tmax) and daily 
minimum temperature (Tmin) over the experimental period. Data were obtained from 430 
Horsham Aerodrome Climatological Station, Bureau of Meteorology 10 km from the 
experimental site. 432 
Figure S2. Water content (average of the entire soil column) of the acid soils in which six 
wheat lines were grown in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 434 
and eCO2, 550 µmol mol-1) from Day 138 to Day 192 of growth. Vertical error bars denote the 
least significant difference (p=0.05) values to compared any two means among treatments at 436 
individual times. The thin arrows indicate the times for watering events and the thick arrows 
indicate the time to start flowering for each pair.  438 
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Table 1. Sampling location and chemical properties of two experimental soils used in this study. 568 

†. Soil extracted with 0.01 M CaCl2 were measured by ICP-AES.  569 
‡. Measurements of Olsen-P, Colwell-P and PBI (phosphorus buffer index) according to Rayment and 570 
Lyons (2011).571 

Soil 
Collection 

sites 

pH 

(CaCl2) 

Total C 

(g kg-1) 

Total N 

(g kg-1) 

CaCl2-

extractable Al† 

(mg kg-1) 

Olsen-P‡ 

(mg kg-1) 

Colwell-P  

(mg kg-1) 

PBI  

(mg P kg-1) 

Dermosol 
37.462S, 

145.263E 
4.12 38.8 1.74 54.3 2.4 3.2 739 

Ferrosol 
37.474S, 

145.257E 
4.55 41.9 1.92 21.6 1.2 1.8 1095 



Figure 1. Grain yield of six wheat lines grown in an acid soil under two CO2 concentrations 
(aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1). NS, *, and *** denote the levels of 
significance at p>0.1, p<0.05, and p<0.001 between CO2 levels of a single line or within a 
near-isogenic pair using a t-test. Means are presented and an LSD bar is also presented to 
compare any two means at p≤0.05 within a panel. 



 
Figure 2. Root biomass (a) and shoot biomass (b) and total tiller number (c) of six wheat 
lines grown to maturity in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 
and eCO2, 550 µmol mol-1). NS, *, and *** denote the levels of significance at p>0.1, 
p<0.05, and p<0.001 between CO2 levels of a single line or within a near-isogenic pair using 
a t-test. Means are presented and an LSD bar is also presented to compare any two means at 
p≤0.05 within a panel. 
 



 
Figure 3. Total root length (a), fine root length (diameter <0.3 mm) (b) and coarse root 
length (diameter >0.3 mm) (c) of six wheat lines grown in an acid soil in the whole columns 
under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1). NS, *, ** 
and *** denote the levels of significance at p>0.1, p<0.05, p<0.01 and p<0.001 between 
CO2 levels of a single line or within a near-isogenic pair using a t-test. Means are shown and 
an LSD bar is also presented to compare any two means at p≤0.05 within a panel. 



 
Figure 4. Relative root length (a), relative root biomass (b), relative grain yield (c) and 
relative total shoot biomass (d) (as % of the limed soil) of ES8 and ET8 grown in an acid soil 
with or without lime application under two CO2 concentrations (aCO2, 400 µmol mol-1 and 
eCO2, 550 µmol mol-1). NS and * denote the levels of significance at p>0.1 and p<0.05 
between CO2 levels of a single line using a t-test. Data are means ± se. The genotypic 
variation was significant on all these parameters (p<0.001).  
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Table S1. Harvest index, root-to-shoot biomass ratio (root/shoot), and the yield components of six wheat lines grown to maturity in an acid soil 

under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1).  

Least significant difference tests (LSD) values are presented in parentheses where a main effect or an interaction is significant at p≤0.05.  

  

Wheat lines 
Harvest index  Root/shoot  

Components of yield   

Ears (no. plant-1) Kernels (no. ear-1) Thousand grain weight (g) 

aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means 

ES8 0.33 0.30 0.31 0.136 0.119 0.128 2.38 2.44 2.41 23.5 21.2 22.4 30.4 31.5 31.0 

ET8 0.28 0.34 0.31 0.151 0.100 0.126 3.88 4.56 4.22 24.6 26.7 25.7 39.5 40.3 39.9 

Egret 0.41 0.38 0.40 0.083 0.065 0.074 2.00 2.25 2.13 34.4 27.4 30.9 31.9 31.3 31.6 

Egret TaMATE1B 0.43 0.40 0.41 0.088 0.083 0.086 2.50 3.19 2.85 36.9 36.8 36.9 41.3 40.4 40.9 

EGA-Burke 0.44 0.47 0.45 0.111 0.087 0.099 3.75 4.58 4.17 39.0 41.6 40.3 39.4 38.8 39.1 

EGA-Burke TaMATE1B 0.43 0.43 0.43 0.091 0.095 0.093 3.81 4.25 4.03 34.6 38.6 36.6 41.6 40.8 41.2 

Means 0.39 0.39  0.110 0.092  3.05 3.55  32.2 32.1  37.4 37.2  

p-value (LSD, p=0.05)     

CO2 0.742 0.015 (0.011) 0.016 (0.27) 0.766 0.778 

Line <0.001 (0.05) <0.001 (0.015) <0.001 (0.66) <0.001 (6.0) <0001 (2.7) 

CO2 × Line 0.288 0.019 (0.022) 0.855  0.499 0.961 



Table S2. Shoot biomass at Days 67 and 85 and maturity, tiller number at Days 97 and 107 and maturity, and growth parameters (root biomass, 

root length, root-to-shoot biomass ratio (root/shoot) and grain yield at maturity of two wheat lines (ES8 and ET8) grown in an acid soil with or 

without lime under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1).  

Lines     Lime CO2 
Shoot biomass (g plant-1) 

Day 67         Day 85     Maturity 

Tiller number (no. plant-1) 

Day 97          Day 107    Maturity 

Root 

biomass  

(g plant-1) 

Total root 

length  

(m plant-1) 

Root/ 

shoot 

Grain 

yield  

(g plant-1) 

ES8        + aCO2 0.181 0.726 11.0 6.75 7.75 5.8 1.73 223  0.110 4.8 

 eCO2 0.207 0.763 14.2 8.44 8.81 7.3 1.96 272  0.101 5.7  

ET8        + aCO2 0.206 0.679 11.5 6.81 7.94 6.3 1.80 214 0.106 5.6  

 eCO2 0.219 0.727 15.9 8.88 10.31 8.9 1.94 266 0.096 6.3  

ES8         - aCO2 0.086 0.159 3.4 3.13 3.88 2.8 0.69 43 0.136 1.7  

 eCO2 0.074 0.161 3.7 3.25 4.19 2.9 0.62 42 0.119 1.5  

ET8         - aCO2 0.088 0.170 9.6 4.63 6.69 5.1 1.99 165 0.151 3.7  

 eCO2 0.111 0.182 9.6 3.94 5.88 5.1 1.46 140 0.100 4.9  

p-value            

CO2  0.790 0.721 0.021 0.161 0.184 0.019 0.592 0.361 0.003 0.300 

Line  <0.001 0.232 <0.001 0.063 <0.001 <0.001 <0.001 <0.001 0.562 <0.001 

Lime  <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 

CO2 × Line  0.270 0.933 0.550 0.417 0.903 0.228 0.037 0.657 0.135 0.179 

CO2 × Lime  0.301 0.690 <0.001 0.013 0.019 <0.001 0.001 0.036 0.039 0.492 

Line × Lime 0.708 0.470 <0.001 0.105 0.081 0.006 <0.001 <0.001 0.764 0.009 

CO2 × Line× Lime 0.092 0.942 0.389 0.178 0.127 0.136 0.151 0.481 0.150 0.235 

  



Table S3. Concentration of nutrients in shoots of plants (67 d and 85 d from sowing) of six wheat lines grown in an acid soil under two CO2 

concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1).  

Genotypes P (mg g-1) Ca (mg g-1) Mg (mg g-1) S (mg g-1) Fe (g g-1) Mn (g g-1) Zn (g g-1) 

aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 

Day 67               

ES8 1.10 0.89 1.87 1.51 1.23 0.94 1.59 2.03 151 141 73 55 69 61 

ET8 1.31 1.35 2.05 2.01 1.31 1.27 1.88 2.29 160 230 102 127 70 79 

Egret 1.07 1.00 1.32 1.25 0.97 0.90 1.46 1.71 149 142 68 64 69 63 

Egret TaMATE1B 1.74 1.97 1.58 1.58 1.09 0.99 2.30 2.33 213 175 131 112 85 68 

EGA-Burke 1.79 1.59 1.78 1.59 1.36 1.15 2.13 2.33 186 177 144 119 83 57 

EGA-Burke TaMATE1B 

TaMATE1B 

1.67 1.59 1.51 1.21 1.13 1.11 2.27 3.30 190 161 132 119 104 60 

p-value (LSD, p=0.05)               

CO2 0.611  0.009 (0.11) 0.015 (0.09) 0.215  0.832  0.206  0.015 (12) 

Genotype <0.001(0.33) <0.001(0.19) 0.005 (0.16) 0.336  0.398  <0.001 (25) 0.445  

CO2 × Genotype 0.716  0.288  0.474  0.948  0.544  0.360  0.150  

Day 85               

ES8 1.67 1.28 1.88 1.31 1.06 0.76 2.61 1.94 182 126 79 49 30 41 

ET8 1.72 1.66 1.95 1.88 1.09 0.98 3.28 2.62 163 227 121 114 36 44 

Egret 2.41 1.76 1.54 1.27 0.94 0.81 2.73 2.36 162 111 86 65 34 47 

Egret TaMATE1B 1.95 2.19 1.51 1.35 1.00 0.82 2.82 2.86 168 120 113 97 33 39 

EGA-Burke 2.65 2.62 1.96 1.55 1.36 1.05 3.18 2.84 178 116 143 123 34 46 

EGA-Burke TaMATE1B 

TaMATE1B 

3.54 2.28 1.92 0.99 1.34 0.75 4.07 2.73 158 101 142 96 35 57 

p-value (LSD, p=0.05)               

CO2 0.028 (0.44)  0.011 (0.29) 0.015 (0.21) 0.011 (0.40) 0.018 (28) 0.036 (22) <0.001 (4) 

Genotype 0.015 (0.76) 0.250  0.394  0.057 0.122  0.011(37) 0.074 

CO2 × Genotype 0.313  0.506  0.723  0.433  0.098 0.906  0.237  

Least significant difference tests (LSD) values are presented in parentheses where a main effect or an interaction is significant at p≤0.05. 



Table S4. Net photosynthetic rates, stomatal conductance, instantaneous transpiration efficiency of the flag leaf at the flowering stage, and water 

input and water-use efficiency of six wheat lines grown in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol 

mol-1). 

 

 Least significant difference tests (LSD) values are presented in parentheses where a main effect or an interaction is significant at p≤0.05.  

† The total water input from Day 144 to maturity was calculated as a combination of water additions plus rainfall and weight loss of the column.  

  

Lines 

Net photosynthetic rates 

(mol m-2 s-1) 

Stomatal conductance  

(mol m-2 s-1) 

Instantaneous 

transpiration efficiency 

(mol mmol-1) 

Water input† 

(mm column-1)  

Water-use efficiency 

(mg g-1) 

aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means 

ES8 8.2 8.7 8.5 0.149 0.188 0.169 2.60 2.10 2.35 138 129 134 3.23 3.33 3.28 

ET8 14.8 13.8 14.3 0.198 0.172 0.185 3.57 3.03 3.30 648 583 615 3.76 4.25 4.01 

Egret 9.2 6.8 8.0 0.165 0.120 0.143 3.72 2.50 3.11 127 120 124 3.26 3.10 3.18 

Egret TaMATE1B 13.1 14.5 13.8 0.171 0.179 0.175 4.31 3.95 4.13 435 409 420 3.20 4.18 3.69 

EGA-Burke 19.5 17.5 18.5 0.311 0.236 0.274 6.18 5.38 5.78 644 595 618 3.48 4.17 3.83 

EGA-Burke TaMATE1B 17.9 18.5 18.2 0.246 0.272 0.259 6.59 6.21 6.40 678 579 627 3.37 4.44 3.91 

Means 13.8 13.3  0.207 0.195  4.50 3.86  444 402  3.38 3.96  

p-value (LSD, p=0.05)       

CO2 0.636 0.725 0.363 0.031 (25) 0.039 (0.42)  

Line <0.001 (1.5) <0.001 (0.032) <0.001 (0.47) <0.001 (29) 0.006 (0.50)  

CO2 × Line 0.048 (2.3) 0.004 (0.061) 0.424 0.021 (43) 0.079  



Table S5. Shoot biomass (Days 67 and 85) and tiller number (Days 97 and 107) of six wheat lines grown in an acid soil at various growth stages 

under two CO2 concentrations (aCO2, 400 µmol mol-1 and eCO2, 550 µmol mol-1).  

 

Least significant difference (LSD) values are presented in parentheses where a main effect or an interaction is significant at p≤0.05.  

  

Lines 

Shoot biomass (g plant-1) 

Day 67 

 

Day 85 

Tiller number (no. plant-1) 

Day 97 

 

Day 107 

aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means aCO2 eCO2 Means 

ES8 0.086 0.074 0.080 0.159 0.161 0.160 2.50 3.25 2.88 3.88 4.19 4.04 

ET8 0.088 0.111 0.099 0.170 0.182 0.176 4.63 3.94 4.29 6.69 5.88 6.29 

Egret 0.103 0.082 0.093 0.242 0.185 0.214 2.81 1.75 2.28 2.75 2.44 2.60 

Egret TaMATE1B 0.106 0.110 0.108 0.348 0.353 0.351 2.75 4.06 3.41 3.31 4.25 3.78 

EGA-Burke 0.114 0.112 0.113 0.366 0.421 0.394 4.00 4.50 4.25 4.94 4.63 4.79 

EGA-Burke TaMATE1B 0.104 0.190 0.147 0.387 0.540 0.464 3.42 4.94 4.18 4.33 5.88 5.11 

Means 0.100 1.114  0.279 0.307  3.35 3.74   4.32 4.55   

p-value (LSD, p=0.05)     

CO2 0.667 0.178 0.072 0.329 

Line <0.001 (0.020) <0.001 (0.052) <0.001(0.80) <0.001 (0.95) 

CO2 × Line 0.001 (0.033) 0.004 (0.076) 0.013 (1.12) 0.061 



Table S6. Concentrations of protein and nutrients in grains of six wheat lines grown in an acid soil under two CO2 concentrations (aCO2, 400 

µmol mol-1 and eCO2, 550 µmol mol-1).  

 

Lines Protein (mg g-1) P (mg g-1) Ca (mg g-1) Mg (mg g-1) S (mg g-1) Fe (g g-1) Mn (g g-1) Zn (g g-1) 

 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 aCO2 eCO2 

ES8 202 195 1.91 2.04 0.69 0.68 1.43 1.43 1.99 2.11 20.9 23.2 62 57 42 46 

ET8 183 175 2.61 2.70 0.50 0.45 1.51 1.49 2.02 2.08 29.2 27.5 103 109 54 54 

Egret 193 190 1.58 1.94 0.58 0.61 1.37 1.34 1.88 1.81 21.9 21.4 51 53 31 34 

Egret TaMATE1B 167 161 2.18 2.18 0.47 0.38 1.35 1.29 1.93 1.79 23.0 21.6 70 75 40 41 

EGA-Burke 143 128 2.41 2.23 0.33 0.31 1.21 1.13 1.66 1.60 27.3 25.9 88 83 43 39 

EGA-Burke 

TaMATE1B 
160 141 2.52 2.30 0.31 0.29 1.25 1.19 1.86 1.71 30.5 29.6 89 78 52 43 

p-value (LSD, p=0.05)                

CO2 0.114  0.506  0.231  0.123  0.684  0.916  
0.47

4 
 0.712  

Line <0.001 (16) 0.004 (0.38) <0.001 (0.06) <0.001 (0.11) <0.001 (0.16) <0.001 (4.4) <0.001 (9) <0.001 (8) 

CO2× Line 0.596  0.904  0.374  0.994  0.475  0.949  0.346  0.578  

Least significant difference tests (LSD) values are presented in parentheses where a main effect or an interaction is significant at p≤0.05.  

  



 

Figure S1. Rainfall, daily solar radiation, daily maximum temperature (Tmax) and daily minimum 

temperature (Tmin) over the experimental period. Data were obtained from Horsham Aerodrome 

Climatological Station, Bureau of Meteorology 10 km from the experimental site.  

  



 

 

 

Figure S2. Water content (average of the entire soil column) of the acid soils in which six 

wheat lines were grown in an acid soil under two CO2 concentrations (aCO2, 400 µmol mol-1 

and eCO2, 550 µmol mol-1) from Day 138 to Day 192 of growth. Vertical error bars denote the 

least significant difference (p=0.05) values to compared any two means among treatments at 

individual times. The thin arrows indicate the times for watering events and the thick arrows 

indicate the time to start flowering for each pair. 
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