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Abstract 
 
Broomcorn millet (Panicum miliaceum L.) is one of the important C4 crops in the semiarid regions of northern China. It is 
a close relative of biofuel crop switchgrass. Yet, there is no information on how these crops might respond to a climate 
change in China. In order to gain insight into such a response, we studied the effect of elevated CO2 concentration (EC) 
on broomcorn millet. The changes in leaf photosynthesis, chlorophyll fluorescence, morphological parameters, biomass 
and yield in response to EC [i.e., + 200 µmol(CO2) mol–1] over two years were determined at the open-top chamber (OTC) 
experimental facility in north China. EC increased net photosynthetic rate, stomatal conductance, intercellular CO2 
concentration, transpiration rate, instantaneous transpiration efficiency, effective quantum yield of PSII photochemistry, 
and photochemical quenching coefficient of fully expanded flag leaves. Maximal quantum yield of PSII photochemistry 
declined under EC in 2013, but was not affected in 2014. EC significantly decreased intrinsic efficiency of PSII in 2013, 
but increased in 2014. Leaf nonphotochemical quenching decreased under EC both in 2013 and 2014. EC significantly 
enhanced the aboveground biomass and yield by average of 31.4 and 25.5% in both years, respectively. The increased 
yield of broomcorn millet under EC occurred due to the enhanced number of grains per plant. We concluded that 
photosynthesis of broomcorn millets was improved through increased stomatal conductance in leaves under EC, which 
led to an increase in height, stem diameter, aboveground biomass, and yield. This study extends our understanding of the 
response of this ancient C4 crop to elevated CO2 concentration.  
 
Additional key words: chlorophyll a fluorescence; CO2 enrichment; gas exchange; water-use efficiency. 
 
Introduction 
 
Since the industrial revolution, the global atmospheric CO2 
concentration ([CO2]) has risen from 280 µmol mol–1 to 
the current concentration of around 392 mol mol–1 and is 
predicted to reach 421–936 µmol mol–1 by the end of 21st 
century (IPCC 2013). Elevated [CO2] (EC) is altering 

global temperature and precipitation patterns, which could 
decrease the yield of food crops over the next 50 years 
(Thomson et al. 2005). In contrast, EC is predicted to 
stimulate crop production and offset these detrimental 
components of the climate change (Leakey et al. 2006).  
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Compared to C3 plants, C4 plants possess a mechanism 
to concentrate CO2 around the ribulose-1,5-bisphosphate 
carboxylase/oxygenase in chloroplasts of bundle sheath 
cells so that the carboxylation reaction works at a much 
more efficient rate, thereby substantially eliminating the 
oxygenation reaction and the resulting photorespiration 
(Ghannoum et al. 2011, Liu et al. 2013). It is observed that 
C4 photosynthesis is more efficient than C3 photosynthesis 
under conditions of low atmospheric [CO2], heat, drought, 
and salinity (Liu et al. 2013). Some studies show that C4 
species would not benefit from the increases in 
atmospheric [CO2] because of the CO2-concentrating 
mechanism in leaves. Photosynthesis of maize was 
unaffected by EC in the absence of drought (Leakey et al. 
2006). EC did not increase photosynthesis of foxtail millet 
(Hao et al. 2010) and the C4 grass S. maritima (Duarte et 
al. 2014). In H. portulacoides (C3 species), CO2 
fertilization induced an enhancement of electron transport 
rate (ETR) and a decrease in nonphotochemical quenching 
(NPQ) and in dissipated energy fluxes. Light-saturated 
CO2 uptake (Psat) of three ‘wild’ C4 grasses at the BioCON 
(biodiversity, CO2, and nitrogen) experiment (Bethel, 
Minnesota, USA) was not stimulated by EC, but it  
increased by 15–20% for C4 crops grown at the Maricopa 
(Arizona, USA) and SoyFACE (Illinois, USA) sites 
(Ainsworth and Long 2005). The variation in response of 
photosynthesis in C4 plant to EC may be explained because 
some species appear to be CO2 saturated at ambient [CO2], 
but other C4 plant are not necessarily saturated at the same 
concentration (Wand et al. 1999).  

Wand et al. (1999) reported that stomatal conductance 
(gs) decreased in C3 and C4 grasses. gs decreased on 
average by 20% under EC and there was no difference 
between C3 and C4 species (Ainsworth and Long 2005). 
The instantaneous water-use efficiency (WUEi, PN/gs) was 
significantly different in C3 and C4 species. C3 species 
grown under FACE showed a 68% increase in WUEi, 
whereas WUEi was not elevated in sorghum. Elevated 
[CO2] improved the water status and increased the water-
use efficiency (WUE) in sorghum in the Maricopa FACE 
experiment (Conley et al. 2001, Wall et al. 2001). Elevated 
[CO2] decreased gs by 34% in maize in the absence of 
drought and reduced crop water use, which increased soil 
moisture in the SoyFACE experiment (Leakey et al. 2006). 
gs and transpiration rate (E) of foxtail millet and sugarcane 
were reduced, but WUE was enhanced (Vu and Allen Jr. 
2009, Hao et al. 2010). Thus, it seemes that EC affects WUE 

of C4 plants and improves the ability to tolerate drought.  

A larger number of C3 species has been investigated 
compared to C4 species, especially in the FACE 
experiments (Ainsworth and Long 2005). More C4 crop 
experiments are needed to find the mechanism of 
responses in different C4 species to EC. Broomcorn millet 
(Panicum miliaceum L.), one of the world's oldest 
cultivated crops, first appeared as a crop in China about 
7,000 years ago (Underhill 1997). Known as the C4 
syndrome, enhanced water and nutrient-use efficiency 
enable broomcorn millet to grow in habitats, which are too 
harsh for other crops. It has a short growing season, low 
requirement of water and nutrients, so it is extensively 
grown in the semiarid and infertile agriculture regions of 
northern China, central Asia, and Russia. At present, the 
annual planting area of broomcorn millet is one million 
hectares in China, mainly cultivated in the northern 
mountainous areas by farmers with relatively low income 
(Dai et al. 2011, Hunt et al. 2011).  

The crops, which have received the most attention for 
studies on the effect of EC, are those with the highest 
global economic importance, including rice (Seneweera et 
al. 2002 ), maize (Leakey et al. 2006), soybean (Bernacchi 
et al. 2006, Hao et al. 2012), and wheat (Kane et al. 2013). 
However, there is scant research on the response of so-
called ‘minor crops’ to EC, although many of these have 
been staple foods across wide areas in prehistory to the 
present day and have inherently wide stress tolerances 
(Hunt et al. 2011). The extent of any direct or indirect 
stimulation of photosynthesis, growth, and yield of broom-
corn millet by EC could have major economic and social 
implications in those relatively poor areas, and it could 
also reveal if minor crops, which have not been the subject 
of intensive breeding, may respond differently to EC in 
comparison to major crops and may provide some hints 
how they may respond to the change. 

The present research reported the effect of EC on leaf 
physiology, chlorophyll (Chl) fluorescence, growth, and 
yield in the C4 plant broomcorn millet. We aimed to 
address the following questions: (1) Is the leaf physiology, 
chlorophyll fluorescence, and yield of broomcorn millet 
altered under EC and is any correlation between them? (2) 
Does EC decrease gs as in other plants and what is its 
implications for the water-use effect in C4 crop broomcorn 
millet? By answering these questions, we expected that we 
could gain understanding of the responses in a major C4 
food crop to EC in region of northern China vulnerable to 
environmental change.  

 
Materials and methods 
 
Site description: The study was conducted at the open-top 
chamber (OTC) facility of an experimental station, Shanxi 
Agricultural University (37.42°N, 112.55°E), Taigu, 
Shanxi, China. One OTC was used as control chamber, 
maintaining the same [CO2] with that of the outside field 
by external supply of CO2. In another OTC, EC (outside 

field [CO2] + 200 µmol mol–1)] was maintained constantly 
from crop emergence to harvest.  

The [CO2] of the EC-OTC and the control (CK)-OTC 
were measured by sensors (Vaisala, Finland) at the centre 
of each chamber, and outside field [CO2] was also 
measured. When [CO2] of CK-OTC was lower than 
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outside field [CO2] or [CO2] of EC-OTC was lower than 
outside field [CO2] + 200 µmol mol–1, the solenoid valves 
of the corresponding chamber opened and CO2 was 
introduced into the chamber by fan in order to keep the 
target [CO2] in the chamber at the required concentration. 
The temperature and relative humidity of two chambers 
were measured throughout the experimental period. The 
circular structure of OTC was fixed in the field and 
fabricated using an aluminum frame. The diameter and 
height of each OTC were 4.0 and 2.5 m. The frame was 
lined with polyvinyl chloride (PVC) sheets (0.12 mm 
thickness), which transmitted 80–90% of natural sun light. 
The upper part of the OTCs had a frustum with 0.5 m 
height, 2.0 m and 4.0 m upper diameter and bottom 
diameter, respectively, in order to reduce the dilution of 
CO2 by air current inside the chambers and was kept open 
to maintain the near-natural conditions of temperature and 
relative humidity.The average temperature and relative 
humidity of the CK-OTC during the broomcorn millet 
growing season were 23.8 and 22.6°C, and 67.6 and 66.5% 
in 2013 and 2014, respectively, and they were 23.0 and 
22.1°C, and 70.4 and 71.2% for EC-OTC in 2013 and 
2014, respectively (Fig. 1). 
 

Broomcorn millet cultivation, fertilization and irri-
gation: A landrace of broomcorn millet (Panicum 

miliaceum L.), Huachi Ruan Red, from the Huachi County, 
Gansu Province, was sown on 13 June 2013 and 16 June 
 

 
 
Fig 1. The mean monthly temperature and relative humidity of 
the OTC during the growing period in 2013 and 2014. CK – 
control; EC – elevated atmospheric CO2 concentration. 

2014 in 40 × 60 cm pots (28 cm depth). Ten plants were 
grown in each pot and ten pots were included in every air 
chamber. For sowing, surface soil (0–20 cm) was obtained 
from nearby cropland, sieved and blended, packed in the 
pot used for planting seeds. The soil was a clay loam with 
pH (1:5, soil:water) of 8.5 and contained 1.37% of organic 
carbon (C) and 0.12% of total N. Fertilizers were applied 
at the elongation stage at the rates of 11.04 g(N) per pot 
and 12.24 g(P) per pot. Irrigation equivalent to  
10–20 mm of rainfall was applied every 3–5 d after 
seedling emergence. 
 
Gas-exchange measurements: Measurements of net 
photosynthetic rate (PN) were conducted at just before the 
heading stage (54 d after sowing in 2013 and 52 d after 
sowing in 2014) and grain-filling stage (81 d after sowing 
in 2013 and 83 d after sowing in 2014). One of the fully-
expanded flag leaves was randomly selected. Gas-
exchange measurements were conducted using a portable 
gas-exchange system (LI-COR 6400, LI-COR, Lincoln, 
USA). The [CO2] in the leaf chamber was controlled by 
the LI-COR CO2 injection system, and an irradiance of 
1,400 μmol(photon) m–2 s–1 was supplied using a built-in 
LED lamp (red/blue). Temperature in the 2 × 3 × 2.5 cm3 
leaf chamber was set at 28°C, and the actual temperature 
ranged from 28 to 30°C. The vapour pressure deficit 
(VPD) on the leaf surface was between 1.9 and 2.1 kPa. 
PN, E, gs, intercellular CO2 concentration (Ci), and intrinsic 
water-use efficiency (WUEi = PN/gs) were measured at the 
same irradiance, temperature, and vapour pressure. [CO2] 
in the leaf chamber was set to 390 μmol mol–1 for current 
[CO2] treatment and 590 μmol mol–1 for EC treatment, and 
one fully-expanded flag leaf was measured per pot. 
Measurements were made between 09:00 and 11:30 h 
local time. 

PN/Ci (ambient CO2 concentration) and gs/Ci curves 
were also measured at the same irradiance, temperature, 
and the vapour pressure when measurements of PN were 
conducted after 55 d from sowing in 2013. The [CO2] 
surrounding the leaf for all control and treated leaves was 
controlled across the series of 400, 300, 200, 100, 0, 400, 
550, 600, 700, 800, 1,000; and 400 μmol mol–1, and mea-
surements were recorded after equilibrium was reached. 
Measurements were made between 09:00 and 14:00 h local 
time. Five fully-expanded flag leaves were measured in 
each CK-OTC and EC-OTC. Each individual curve took 
approximately 35 min to complete. 
 
Chl fluorescence: The photosynthetic performance of 
fully-expanded flag leaves was assessed in terms of the Chl 
a fluorescence parameters, such as maximal quantum yield 
of PSII photochemistry (Fv/Fm), intrinsic efficiency of PSII 
(Fv'/Fm'), effective quantum yield of PSII photochemistry 
(ΦPSII), photochemical quenching coefficient (qP), and 
nonphotochemical quenching (NPQ) using a miniaturized 
pulse-amplitude modulated fluorescence analyzer (Mini-
PAM, Walz, Effeltrich, Germany) with a leaf clip holder as 
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described by Bilger et al. (1995). The minimal fluores-
cence yield of the light-adapted state (F0') and maximal 
fluorescence yield of the light-adapted state (Fm') was 
measured at incident PPFD between 08:30 and 12:00 h, 
and one uppermost fully-expanded leaf was measured per 
pot on the same day together with the gas-exchange 
measurements. Ten fully-expanded flag leaves were 
measured per chamber (one plant per pot). Minimal 
fluorescence yield of the dark-adapted state (F0) and 
maximal fluorescence yield of the dark-adapted state (Fm) 
of dark-adapted leaves were measured between 23:00 and 
01:00 h on the same day. The high light flash used to 
measure saturated fluorescence had a PPFD of 4,000 
μmol(photon) m–2 s–1 and a duration of 800 ms. All Chl  

fluorescence parameters were calculated as described by 
Rascher et al. (2004).  
 
Harvesting: At maturity, broomcorn millet plants were 
hand-harvested on 18 September 2013 (95 d after sowing) 
and 23 September 2014 (96 d after sowing). After drying, 
random subsamples of five plants from each pot were 
assessed for height, node number, panicle length, and stem 
diameter. Then all plants were separated into leaves, stems, 
panicles, and seeds, air dried and weighed. The number of 
seeds per plant and thousand-seed mass was also assessed.  
 
Statistical analysis: All experimental data presented were 
analyzed with variance at 0.05 probability level using SAS 
System 8.1.  

Results 
 
Gas-exchange parameters: When photosynthesis was 
measured at different developmental stages, PN of flag leaf 
increased by 33.2 and 80.3% under EC just before heading 
and grain-filling stage in 2013, and by 46.7 and 63.7% in 
2014, respectively. EC increased gs by 11.1 and 24.2% just 
before the heading stage and grain-filling stage in 2013, 
and by 25.0 and 50.0% in 2014, respectively. Ci increased 
by 96.8, 13.1, 93.8, and 91.1% just before the heading and 
grain-filling stage in 2013 and 2014, respectively. E 
increased by an average of 12.0 and 21.2% in 2013 and 
2014, respectively. EC increased WUEi of broomcorn 
millets by an average of 42.2 and 18.5% in 2013 and 2014, 
respectively (Table 1). 
 
Chl fluorescence: Fv/Fm decreased by an average of 3.2% 
under EC in 2013, but was not affected in 2014. EC 
significantly decreased Fv'/Fm' by an average of 9.3% in 
2013, but increased it by an average of 5.2% in 2014. ΦPSII 
increased by an average of 51.3 and 28.3% under EC in  
 

2013 and 2014, respectively. EC increased qP by an 
average of 67.5 and 12.3% in 2013 and 2014, respectively. 
Leaf NPQ decreased by an average of 11.3 and 19.5% 
under EC in 2013 and 2014, respectively (Table 2). 
 
PN/Ci and gs/Ci curves: The PN/Ci curves (Fig. 2A) showed 
PN increasing with the Ci. There was no significant change 
in growth between the CK and EC. gs decreased with Ci 
from 0 to 310 mol mol–1, but the decrease was small when 
the Ci was about 200–250 mol mol–1 for broomcorn millet 
grown in EC (Fig. 2B). 
 
Plant morphological parameters: Height of broomcorn 
millet plants increased by 5.4 and 5.7% under EC in 2013 
and 2014, respectively. Node number was elevated by 
11.1% in 2014, but there was no significant change in 
2013. EC did not affect panicle length in either year. Stem 
diameter increased by 20.4 and 26.7% under EC in 2013 
and 2014, respectively (Table 3). 

Table 1. Effects of elevated [CO2] on gas-exchange parameters in the fully-expanded flag leaf of broomcorn millets. Measurement was 
taken at their respective [CO2]. Values are means ± standard error of variables across ten replicates. The statistical significance level for 
the effects of [CO2] treatment was tested. Ci – intercellular CO2 concentration; E – transpiration rate; EC – elevated atmospheric CO2 
concentration; gs – stomatal conductance; PN – net photosynthetic rate; WUEi – intrinsic water-use efficiency (= PN/gs). 
 

Year Growth  
period 

Growth 
[CO2] 

PN 

[mol m–2 s–1] 
gs 

[mol(H2O) m–2 s–1] 
Ci 
[mol(CO2) mol–1] 

E 
[mmol(H2O) m–2 s–1] 

WUEi [mol(CO2) 
mol(H2O)–1] 

2013 Just before 
heading 

CK 13.66 ± 0.54 0.09 ± 0.01 112.21 ± 3.50 1.74 ± 0.07 159.71 ± 2.45 
 EC 18.19 ± 0.71 0.11 ± 0.01 220.80 ± 8.52 1.91 ± 0.10 178.69 ± 5.65 
 Grain-filling CK 10.04 ± 0.69 0.07 ± 0.00 168.00 ± 4.52 2.01 ± 0.05 113.15 ± 13.29 
 EC 18.10 ± 0.30 0.09 ± 0.00 190.00 ± 20.87 2.29 ± 0.03 209.21 ± 2.79 
  pCO2 0.00 0.01 0.00 0.02 0.00 

2014 Just before 
heading 

CK 19.01 ± 0.99 0.12 ± 0.01 110.57 ± 4.51 2.26 ± 0.13 154.01 ± 2.31 
 EC 27.89 ± 1.08 0.15 ± 0.01 214.30 ± 11.87 2.44 ± 0.15 194.85 ± 7.09 
 Grain-filling CK 12.78 ± 0.26 0.08 ± 0.00 114.75 ± 4.06 1.75 ± 0.03 159.02 ± 2.73 
 EC 20.93 ± 0.61 0.12 ± 0.00 219.25 ± 6.30 2.42 ± 0.06 176.02 ± 4.10 
  pCO2 0.00 0.03 0.00 0.04 0.04 
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Table 2. Effects of elevated [CO2] on chlorophyll fluorescence parameters in the fully-expanded flag leaf of broomcorn millets. 
Measurement was taken at their respective [CO2]. Values are means ± standard error of variables across ten replicates. The statistical 
significance level for the effects of [CO2] treatment was tested. CK – control;  EC – elevated atmospheric CO2 concentration; Fv/Fm – 
maximal quantum yield of PSII photochemistry; Fv'/Fm' – intrinsic efficiency of PSII; NPQ – nonphotochemical quenching; qP – photo-
chemical quenching coefficient; ΦPSII – effective quantum yield of PSII photochemistry. 
 

Year Growth period Growth [CO2] Fv/Fm Fv'/Fm' ΦPSII qP NPQ 

2013 Just before heading CK 0.80 ± 0.01 0.49 ± 0.02 0.20 ± 0.01 0.42 ± 0.04  1.53 ± 0.04  
EC 0.78 ± 0.00 0.50 ± 0.01 0.31 ± 0.02 0.63 ± 0.03 1.33 ± 0.08 

Grain-filling CK 0.76 ± 0.01 0.48 ± 0.02 0.19 ± 0.01 0.41 ± 0.02 1.30 ± 0.08 
EC 0.73 ± 0.01 0.38 ± 0.03 0.28 ± 0.02 0.76 ± 0.07 1.18 ± 0.07 

 pCO2 0.00 0.03 0.00 0.00 0.01 

2014 Just before heading  CK 0.79 ± 0.00 0.41 ± 0.03 0.29 ± 0.04 0.72 ± 0.08 2.58 ± 0.23 
EC 0.80 ± 0.00 0.49 ± 0.01 0.41 ± 0.02 0.83 ± 0.04 1.78 ± 0.17 

Grain-filling CK 0.77 ± 0.01 0.38 ± 0.03 0.23 ± 0.03 0.59 ± 0.04 1.86 ± 0.29 
EC 0.78 ± 0.00 0.40 ± 0.01 0.26 ± 0.01 0.64 ± 0.02 1.79 ± 0.15 

 pCO2 0.08 0.02 0.01 0.07 0.01 

 
Biomass and yield: EC significantly enhanced the mass of 
leaves, stem, panicle, and aboveground biomass per m2 by 
29.9, 41.6, 36.3, and 37.3% in 2013, and by 56.0, 35.9, 
12.9 and 23.8% in 2014, respectively (Table 4). Thousand- 
seed mass was not changed. The number of grains per plant 

increased by 31.8 and 12.0% in 2013 and 2014, 
respectively. EC significantly increased the mass of seeds 
per m2 by 34.2 and 13.6% in 2013 and 2014, respectively 

(Table 4, Fig. 3). 

 
Discussion 
 

EC stimulates higher photosynthesis more in C3 plants 
than in C4 plants. PN of broomcorn millets increased under 
EC in our experiment (Table 1). Several mechanisms have 
been suggested in order to explain stimulated C4 

photosynthesis of well-watered plants by EC under some 
controlled environment (Leakey et al. 2006). For example, 
10% of CO2 fixation occurred directly in the bundle sheath 
in the developing leaves of Flaveria trinervia, without 

  
Fig. 2. PN/Ci and gs/Ci curves of flag leaf of broomcorn millet growing under control (CK) and elevated CO2 (EC). Measurements were 
made between 09:00 and 14:00 h of local time. An irradiance of 1,400 μmol(photon) m–2 s–1 was supplied using a built-in LED lamp 
(red/blue). Temperature in the leaf chamber was set at 28°C. The vapour pressure deficit (VPD) on the leaf surface was between 1.9 
and 2.1 kPa. Five fully-expanded flag leaves were measured in each CK-OTC and EC-OTC. Each individual curve took approximately 
35 min to complete. Each bar represents the standard error of the difference between treatments. Values are means of the five replicates. 
CK – control; EC – elevated atmospheric CO2 concentration. 
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Table 3. Effects of elevated [CO2] on morphological parameters of broomcorn millets. Values are means ± standard error of variables 
across ten replicates; *, ** – the significant differences at 0.05 and 0.01 levels, respectively. CK – control; EC – elevated atmospheric 
CO2 concentration. 
 

Year Growth [CO2] Height [cm] Node number Panicle length [cm] Stem diameter [cm] 

2013 CK 112.66 ± 2.63 7.03 ± 0.11 25.36 ± 0.68 0.54 ± 0.01 
  EC 118.79 ± 1.99** 6.97 ± 0.18 27.97 ± 0.76 0.65 ± 0.01** 

2014 CK 136.58 ± 3.06 6.92 ± 0.14 26.42 ± 0.97 0.45 ± 0.02 
  EC 144.35 ± 2.22* 7.69 ± 0.10** 26.69 ± 0.76 0.57 ± 0.02** 

 
Table 4. Effects of elevated [CO2] on mass and yield components of broomcorn millets. Values are means ± standard error of variables 
across ten replicates. *, ** – the significant differences at 0.05 and 0.01 levels, respectively. CK – control; EC – elevated atmospheric 
CO2 concentration. 
 

Year Growth [CO2]  Leaf mass [g m–2] Stem mass [g m–2]  Panicle mass [g m–2]  Thousand-seed 
mass [g]  

Number of  
grain per plant 

2013 CK 72.5 ± 4.6  220.4 ± 21.7 420.8 ± 9.2 7.1 ± 0.1 1219.8 ± 49.6 
 EC 94.2 ± 1.3** 312.1 ± 22.1* 573.7 ± 35.8** 7.3 ± 0.1 1607.9 ± 87.4* 

2014 CK 48.3 ± 2.9 176.3 ± 24.2 332.9 ± 9.2 7.7 ± 0.5   801.6 ± 39.4 
 EC 75.4 ± 6.3** 239.6 ± 13.3* 375.8 ± 10.8* 7.7 ± 0.5   898.0 ± 51.9* 

 

 
 
Fig 3. Effects of elevated [CO2] on the yield of broomcorn 
millets. Each bar represents the standard error of the difference 
between treatments, and is based on ten replicates. *, ** – the 
significant differences at 0.05 and 0.01 levels, respectively.  
CK – control; EC – elevated atmospheric CO2 concentration. 
 
the involvement of CO2-concentrating mechanism in C4 
plant (Moore et al. 1986). But it is quite unlikely that this 
could the case in the fully expanded broomcorn millet 
leaves. EC can increase bundle sheath leakiness; hence, the 
initial slope or CO2-saturated photosynthetic rate of the 
PN/Ci curve was reduced in C4 crop Sorghum bicolor 
(Watling et al. 2000). We found, however, that the initial 
slope was not significantly changed under EC (Fig. 2A). 
Some young C4 leaves have been shown to be more 
sensitive to enhanced photosynthesis under EC, and 
display of C3-like photosynthesis (Ziska et al. 1999, 
Cousins et al. 2001). PN in the flag leaf of broomcorn 
millet increased at both the heading stage and grain-filling 
stage (Table 1). The flag leaf was more than 20-d old at the 
grain-filling stage. It seems that the mechanisms could not 

fully explain the increased photosynthesis for the C4 
broomcorn millets under EC. Ci was below the saturation 
point of the (PN/Ci) response curve under ambient [CO2], 
allowing direct stimulation of photosynthesis under EC 
(Watling and Press 1997, Ziska and Bunce 1997). The 
photosynthesis of some C4 plant increased under EC, 
which might occur because they are not saturated under 
ambient [CO2] (Wand et al. 1999). The PN/Ci curves 
showed that PN was elevated with the Ci (Fig. 2A), 
indicating that broomcorn millet was not saturated at 
ambient [CO2] and hence EC led to the increase in 
photosynthesis. The gs/Ci showed that gs at EC was higher 
than that at CK, especially, when Ci was about 200–250 
mol mol–1 (Fig. 2B). High Ci under EC due to high gs 
could be the important reason for the increase of 
photosynthesis under EC (Table 1).  

EC decreased Fv/Fm and Fv'/Fm' of broomcorn millets in 
2013, but it was not observed in 2014. This means that 
photosynthetic capacities of broomcorn millets leaves 
might have been lower in 2013, the change of PN was in 
accordance with it. This might be due to influence of the 
different environmental factors, such as average 
temperature, relative humidity, and solar radiance in 2013 
and 2014 (Fig 1). Other environmental factors could affect 
the response of plants to EC (Biswas et al. 2013, Wang et 
al. 2014). EC increased ΦPSII and qP, but decreased NPQ 
of broomcorn millet. Decreased NPQ indicates that 
broomcorn millet dissipated more energy by means of 
linear electron transport rather than as thermal energy. The 
change of ΦPSII, qP, and NPQ was consistent with the 
increase of PN. The changes in all these photosynthetic 
parameters were different from those in maize under 
FACE, which showed that EC did not cause significant 
changes in all of PN, ΦPSII, Fv'/Fm', qP, and NPQ (Leakey et 
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al. 2006). Fv'/Fm', ΦPSII, and qP significantly decreased in 
the C3 plant mung bean (Gao et al. 2015). Our results are 
partially in agreement with other C3 plant studies, which 
reported increases in PN, ΦPSII, and qP, but decreases in 
NPQ in wheat (Tausz-Posch et al. 2013) and Isatis 
indigotica Fort (Hao et al. 2013). It seems that 
photosynthetic characteristics in response to high CO2 vary 
with plant species, regardless of whether they are C3 or C4 
plants. 

The activity of outward rectifying K+ channels 
increases and the activity of inward rectifying K+ channels 
decreases under EC, which enhances S-type anion channel 
activities, stimulates Cl- release from guard cells, and the 
Ca2+ concentration of guard cell increases (Hanstein and 
Felle 2002, Raschke et al. 2003, Ainsworth and Rogers 
2007). These changes collectively depolarize the mem-
brane potential of guard cells and cause stomatal closure 
under EC (Ainsworth and Rogers 2007). Most studies 
show a consistent and similar decrease in gs regardless of 
C3 and C4 species under EC (Ainsworth and Long 2005, 
Leakey et al. 2006, Ainsworth and Rogers 2007, Vu and 
Allen Jr. 2009, Gao et al. 2015, Yu et al. 2015). In contrast, 
gs in trees was not significantly decreased, particularly in 
woody coniferous trees (Saxe et al. 1998). Guard cells in 
Pinus taeda appear to be insensitive to EC (Ellsworth 
1999). However, the results of our studies showed that gs 
of broomcorn millets increased in response to EC. The 
gs/Ci showed that the decrease of gs in broomcorn millets 
grown at EC with the increase [CO2] was lesser than that 
grown at CK, when the Ci was about 200–250 mol mol–1  

(Fig. 2B). There are exceptions to the general rule that gs 
declines at EC, such as soybean (Bernacchi et al. 2006), 
mung bean (Gao et al. 2015), Bermuda grass (Yu et al. 
2015), maize (Leakey et al. 2006). The stomata accli-
mation at EC might be a reason for the increase of stomatal 
conductance in broomcorn millet. It remains to be further 
explored, though it is clear that the increase of stomatal 
conductance leads to the increase of photosynthesis. 

The increase of E was consistent with the change of gs 
in broomcorn millet (Table 1). This means that whole-
plant water may not be reduced under EC, which is 
different from findings in other plant species (Ainsworth 
and Long 2005, Ainsworth and Rogers 2007, Hao et al. 
2013). Even though WUEi was enhanced at EC because PN 
increased under EC, higher E could mean that water usage 
by broomcorn millet might become more susceptible to 
drought stress. 
 
Conclusion: PN, gs, Ci, E, WUEi, qP, and ΦPSII of flag 
leaves in broomcorn millets increased under EC. EC sig-
nificantly enhanced the aboveground biomass (including 
the mass of leaves, stems, and panicles per area) and yield 
of broomcorn millet with more photoassimilates produced 
by high PN. The increased yield of broomcorn millets 
under EC was due to the enhancement of grain number per 
plant. We conclude that photosynthesis of broomcorn 
millets improved with increased stomatal conductance in 
leaves under EC, leading to the increase in growth 
and yield. 
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