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Abstract: Alfalfa planting is threatened by limited arable land, salinization, water shortage, and soil nutrient de-
privation. To deal with this challenge, we previously introduced the Arabidopsis type I H+-pyrophosphatase gene 
AVP1 into alfalfa and found that transgenic lines exhibited enhanced tolerance to short-term salinity or drought. 
In this study, the growth performances of two transgenic lines were further investigated under long-term salinity 
or drought conditions, as well as under phosphate deficiency (low-Pi). Compared with wild-type (WT) plants, the 
transgenic alfalfa showed better growth performance with taller plants and more biomass accumulation after being 
treated with either long-term salinity, long-term drought, or low-Pi. Most importantly, the overexpression of AVP1 
significantly increased the root dry weight and the root/shoot ratio of transgenic alfalfa. A more robust root system 
facilitates the transgenic alfalfa to absorb nutrients, and in turn promotes the growth of the plants. Whether being 
treated with low-Pi or not, transgenic plants showed higher total phosphorus concentrations by 16.5–35.5% than 
WT plants. This study laid a foundation for breeding alfalfa cultivars adapted to saline, arid and nutrient-deprived 
marginal land.

Keywords: AVP1 gene; growth performance; phosphorus nutrition; stress tolerance; transgenic alfalfa

This work was supported by the National Key Research and Development Program of China (2017YFC0504804), the 
National Natural Science Foundation of China (31670405), the Program for Changjiang Scholars and Innovative Research 
Team in University (IRT_17R50) , and the Fundamental Research Funds for the Central Universities (lzujbky-2018-it14).
†The co-first authors contributed equally to this work.

Alfalfa (Medicago sativa L.) is an important legume 
forage all over the world (Kumar et al. 2018), and 
has been bringing in considerable profits for farmers 
and companies in northern China in recent years, 
since it is an important foundation for the Chinese 
dairy industry. From 2001 to 2013, alfalfa planting 
areas in China were significantly extended by 74% 
and about 70% of the areas are distributed in five 
northwestern provinces which belong to arid or 

semi-arid regions with salinization and soil nutri-
ent deprivation (Shi et al. 2017). In these areas, the 
productivity of alfalfa is limited by saline and arid 
environments because of weak salinity and drought 
tolerance in the existing cultivars (Kumar 2011; Shi et 
al. 2017). Moreover, it is reported that phosphate (Pi) 
deficiency is one of the limiting factors that reduce 
the yield and persistence of alfalfa (Berg et al. 2009), 
since soil Pi deficiency is common in legume crop 
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growing areas (including northern China) (Ma et al. 
2012; Bargaz et al. 2017). To cope with this problem, 
the increasing application of phosphate fertilizer has 
resulted in increasing costs as well as environment 
damage (Gaxiola et al. 2016). Therefore, under the 
background of limited arable land, for alfalfa produc-
tion in northwestern China it is necessary to develop 
alfalfa cultivars suitable for growing on saline, arid 
and nutrient-deprived marginal land.

Lots of previous studies have demonstrated that 
the overexpression of type I H+-pyrophosphatase 
(H+-PPase) genes significantly prompted the plant 
growth under various abiotic stresses (e.g., salinity, 
drought and nutrient deficiency) and non-stressed 
conditions, since H+-PPase plays important roles 
in many physiological and biochemical processes 
including vacuolar compartmentation of cations, 
intracellular ions and pH homeostasis, plant de-
velopment, nutrient use efficiency and transport of 
photosynthates (Ferjani et al. 2011, 2012; Pizzio 
et al. 2015; Gaxiola et al. 2016; Khadilkar et al. 
2016). Arabidopsis H+-PPase (AVP1) has recently 
been considered as “one protein with many roles” 
depending on its different tissue-specific localiza-
tions (Schilling et al. 2017), suggesting that the 
genetic manipulation of H+-PPases is extremely 
beneficial to the improvement of stress tolerance 
and yield in crops. 

In a previous study, we generated the transgenic 
alfalfa lines overexpressing the Arabidopsis H+-PPase 
gene AVP1 and found that these lines exhibit enhanced 
tolerance to short-term salt (100 and 200 mM NaCl 
for 7 days) or drought (water withheld for 8 days) 
treatments (Bao et al. 2009). To incorporate these 
transgenic alfalfa lines into new breeding materials 
adapting to marginal land, here we further investi-
gated their growth performance under long-term 
salinity or drought stress, as well as in phosphate 
deficiency conditions. 

MATERIAL AND METHODS

Plant material, growth conditions, and treat-
ments. Two transgenic alfalfa (M. sativa) T0 lines 
overexpressing the Arabidopsis AVP1 gene [L1 and L8, 
which showed the highest and the lowest expression 
level of AVP1, respectively, Figure S1 in Electronic 
Supplementary Material (ESM)], wild-type (WT) 
plants as well as their propagation procedure were 
the same as in our previous work (Bao et al. 2009; 
Supplementary Information in ESM). The plants 

were cultured in a greenhouse under a photoperiod 
of 16/8 h (light/dark, the light density during the 
light period was 800 mmol/m2/s) at 26 ± 2°C and 
60 ± 5% of relative humidity. 

For the long-term salinity treatment, transgenic 
lines (L1 and L8) and WT plants were transplanted 
into plastic pots (cylindrical pots of 10 cm in diameter 
and 12 cm in height, three plants per pot) contain-
ing the loessal soil, and watered with 1/8 Hoagland 
nutrient solution for 15 days. Then the nutrient 
solution was supplemented with 0, 50 and 100 mM 
NaCl for 20 days, respectively. 

For the long-term drought treatment, the transgenic 
and WT plants were transplanted into plastic pots 
(cylindrical pots of 15 cm in diameter and 20 cm in 
height, six plants per pot) containing the loessal soil, 
and watered with 1/8 Hoagland nutrient solution 
with 90% of field water capacity (FWC) for 20 days. 
The shoots were trimmed away with 5 cm stubble, 
and the soil water content was controlled to 80% of 
FWC by weighing for 5 days. Then the pots were 
divided into three groups: control (80% of FWC), 
mild drought (60% of FWC) and severe drought 
(40% of FWC). After 35 days of drought treatment, 
the plants were sampled for assay.

For phosphate deficiency treatment, the transgenic 
and WT plants were transplanted into plastic pots 
(cylindrical pots of 8 cm in diameter and 10 cm in 
height, one plant per pot) containing perlite (the 
main constituent is quartz and it does not contain 
any Pi), and irrigated with Hoagland nutrient solution 
containing 1 mM NH4H2PO4 (control) or 0.01 mM 
NH4H2PO4 (low-Pi, the reduction of nitrogen was 
supplied with extra NH4NO3). The corresponding 
solutions were refreshed every 2 days. After being 
treated for 21 days, the plants were harvested for assay. 

Determination of growth indicators. The shoot 
height was measured by a flexible rule. Then root and 
shoot were separated and dried in an oven at 80°C for 
72 h for weighing the dry weight (DW), respectively. 
Finally, the root/shoot ratio was calculated.

Measurement of total phosphorus concentration. 
Total phosphorus (P) concentration was determined 
according to the method described by Kang et al. 
(2016). The dry samples were ashed in a muffle furnace 
(TNX1700-30; Shinbae Industrial Co. Ltd, Shanghai, 
P.R. China) at 600°C for 6 h. The ash samples were dis-
solved in 10 ml of 1 M HCl and a few drops of HNO3. 
After filtration, total Pi concentration was determined 
using a spectrophotometer (UV-6100PCS; Mapada 
Instruments Co. Ltd, Shanghai, P.R. China). 
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Statistical analysis. Data were subjected to One-
way Analysis of Variance (ANOVA) using SPSS 
(Ver. 16.0, 2007). Duncan’s multiple range tests were 
used to detect significant differences between the 
means at a significance level of P < 0.05. There are at 
least three replicates in each experiment. The data 
were presented as mean ± SD (n = 18).

RESULTS

Overexpression of AVP1 improves the growth 
performance of transgenic alfalfa in long-term 
NaCl treatments. Under 100 mM of NaCl, both 
L1 and L8 lines grew better, while WT almost died 
(Figure S2 in ESM); the shoot height and shoot dry 
weight of both transgenic lines were 56.9% and 40.8% 
(Figure 1a), 42.0% and 33.4% (Figure 1b), higher 
than for WT, respectively, although they decreased 
progressively from all plants with increasing external 
NaCl concentration. Interestingly, transgenic lines 
showed higher root dry weight compared with WT 
under either control or NaCl treatments (Figure 1c), 
and correspondingly, the root/shoot ratios of both 
transgenic lines were significantly higher than those 
of WT plants (Figure 1d). 

Transgenic alfalfa overexpressing AVP1 exhib-
its enhanced resistance to long-term water defi-
ciency. Under either normal watering (control) or 

drought stress conditions, the transgenic lines (es-
pecially L1) exhibited faster growth than WT plants 
(Figure S3 in ESM). The shoot heights of L1 and L8 
were 21.6%−35.8% and 15.5%−27.4%, respectively, 
higher than those of WT under control and mod-
erate drought (60% of FWC) conditions; in severe 
drought (40% of FWC) conditions, however, the shoot 
height of L1 was significantly higher than that of L8 
and WT, while there was no significant difference 
between L8 and WT plants (Figure 2a). Determina-
tion of biomass showed consistent results with the 
data of shoot height: both transgenic lines showed 
higher shoot and root dry weight than WT plants 
under either control or moderate drought conditions 
(Figure 2b, c). Similar to the situation of salt treat-
ment, the root/shoot ratios of both transgenic lines 
were significantly higher than that of WT plants 
under either normal or water deficit conditions. For 
instance, after being treated with severe drought 
stress, L1 and L8 maintained the higher root/shoot 
ratio by 43.5% and 23.9% compared with WT plants, 
respectively (Figure 2d). 

Overexpression of AVP1 improves the tolerance 
to phosphate deficiency (Low-Pi) in transgenic al-
falfa. Under control (1 mM Pi), there was no growth 
difference between transgenic and WT plants (Fig-
ure S4a in ESM). When subjected to low-Pi (0.01 mM) 
for 21 days, the growth of all plants was significantly 

Figure 1. The growth indicators of wild-type plants and transgenic alfalfa treated with long-term salinity (50 and 
100 mM NaCl) for 20 days: shoot height (a), shoot dry weight (b), root dry weight (c), root/shoot ratio (d)
Values are means ± SD (n = 18); different letters indicate significant differences (P < 0.05) between columns; WT – wild-type 
plants; L1, L8 – transgenic lines overexpressing AVP1
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inhibited, while transgenic lines showed a lower 
growth reduction compared with WT (Figure S4b in 
ESM). The plant height and shoot dry weight of L1 
and L8 were higher by 18.4–36.2% and 20.7–39.8% 
than for WT, respectively (Figure 3a, b). Of note, 
the transgenic alfalfa developed more robust roots, 

whether treated with low-Pi or not (Figure 3c, d). 
The root dry weights and root/shoot ratios of trans-
genic lines were 1.3–1.5 and 1.3–1.4 times higher 
than in WT plants under control, and 1.5–1.9 and 
1.2–1.4 times higher under low-Pi conditions, re-
spectively (Figure 3c, d).

Figure 2. The growth indicators of wild-type plants and transgenic alfalfa treated with long-term drought (60% and 40% 
of FWC) for 35 days: shoot height (a), shoot dry weight (b), root dry weight (c), root/shoot ratio (d)
Values are means ± SD (n = 18); different letters indicate significant differences (P < 0.05) between columns; WT – wild-type 
plants; L1, L8 – transgenic lines overexpressing AVP1

Figure 3. The growth indicators of wild-type plants and transgenic alfalfa treated with phosphate deficiency (0.01 mM Pi) 
for 21 days: shoot height (a), shoot dry weight (b), root dry weight (c), root/shoot ratio (d)
Values are means ± SD (n = 18); different letters indicate significant differences (P < 0.05) between columns; WT – wild-type 
plants; L1, L8 – transgenic lines overexpressing AVP1
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Under normal conditions, the transgenic alfalfa 
accumulated more P. The total P concentration of 
L1 was 31.9% higher than that of WT plants. After 
being treated with low-Pi for 21 days, P accumula-
tions significantly declined in all plants, but L1 and 
L8 still showed the higher total P concentration by 
35.5% and 16.5% in comparison with WT, respec-
tively (Figure 4). 

DISCUSSION

We previously found that the transgenic alfalfa 
overexpressing AVP1 exhibited better growth per-
formance than WT under short-term NaCl or water 
deficit treatments (Bao et al. 2009). To investigate 
whether the transgenic alfalfa possesses persistent 
resistance to salinity or drought, here we tested the 
transgenic lines with long-term salinity or drought 
treatments, and got similar results to previous work, 
further suggesting that the overexpression of AVP1 
enhanced the salt and drought tolerance of trans-
genic alfalfa. In general, the above salt- and drought-
tolerant phenotypes of transgenic alfalfa might be 
ascribed to constant intracellular ionic homoeostasis 
and enhanced vacuolar osmoregulatory capacity in 
transgenic plants by sequestering excess cytosolic Na+ 
into vacuoles, since tonoplast H+-PPase is consid-
ered as an efficient proton pump across the vacuole 
membrane (Gaxiola et al. 2016).

In addition, studies in recent years also revealed 
other functions of H+-PPase, such as increasing the 
cell number (Asaoka et al. 2016), stimulating the 
heterotrophic growth (Ferjani et al. 2012; Pizzio 
et al. 2015; Asaoka et al. 2016; Fukuda et al. 2016; 
Khadilkar et al. 2016), facilitating the transport of 

sucrose from source to sink as well as improving the 
nutrient uptake (Gaxiola et al. 2016; Khadilkar 
et al. 2016; Schilling et al. 2017). In this study, 
the transgenic alfalfa overexpressing AVP1 showed 
higher shoot biomass under various stresses, and 
interestingly, developed a more robust root system 
with increased root dry weight and root/shoot ratio 
under either normal or stress conditions, compared 
with WT plants. Similar results were observed in other 
species overexpressing H+-PPase including Arabidop-
sis (Yang et al. 2014; Khadilkar et al. 2016) and 
Lotus corniculatus (Bao et al. 2014), since H+-PPase 
contributes to enhanced vacuolar acidification and 
regulation of cytoplasmic PPi levels which are respon-
sible for many traits related to the growth of plants 
(Gaxiola et al. 2016; Schilling et al. 2017). On the 
other hand, a bigger and stronger root system would 
facilitate plants to absorb nutrients, and in turn pro-
mote the growth of plants under different conditions. 
For example, the overexpression of H+-PPase conferred 
tolerance to nitrogen deficiency (Paez-Valencia et 
al. 2013; Lv et al. 2015) and low-Pi stress (Yang et al. 
2007) in transgenic plants. The latest study indicated 
that the upregulation of H+-PPase even improved the 
iron use efficiency of sweet potato (Ipomoea batatas) 
(Fan et al. 2017). These findings were further sup-
ported by our data, in which the transgenic alfalfa 
overexpressing AVP1 exhibited enhanced tolerance 
to Pi deficiency compared with WT. This phenotype 
is consistent with increased P accumulation in trans-
genic lines, suggesting that overexpression of AVP1 
improved the phosphorus nutrition of alfalfa.

In conclusion, the data of our study demonstrate 
that the transgenic alfalfa overexpressing AVP1 shows 
enhanced growth performance under long-term salin-
ity and drought stresses, in particular, overexpression 
of AVP1 confers tolerance to phosphate deficiency 
by increasing P accumulation in transgenic plants. 
This study laid a foundation for generating the alfalfa 
cultivar adapting to saline, arid and nutrient-deprived 
marginal land.
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