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Abstract 33 

Background: The crop productivity is challenged by abiotic stresses, among which 34 

drought stress is the most widespread. The NF-Y genes, especially NF-YA genes 35 

function in regulating drought tolerance of plants.  36 

Results: In this study, a soybean NF-Y gene, GmNFYA5, was identified with the 37 

highest transcript level among all of 21 NF-YA genes in soybean (Glycine max L.) 38 

under drought stress. Transcript of GmNFYA5 induced by drought was suppressed by 39 

ABA synthesis inhibitor naproxen (NAP). GmNFYA5 transcript was detected in 40 

various tissues at vegetative and reproductive growth stage with higher levels in roots 41 

and leaves, which was consist with the GmNFYA5 promoter:GUS fusion assay. 42 

Overexpression of GmNFYA5 resulted in increased drought tolerance and ABA 43 

sensitivity in transgenic Arabidopsis plants. Additionally, overexpression and 44 

suppression of GmNFYA5 in soybean resulted in increased and decreased drought 45 

tolerance compared with empty vector (EV) plants respectively. Transcript levels of 46 

ABA-dependent and ABA-independent genes in transgenic Arabidopsis and soybean 47 

plants overexpressing GmNFYA5 were higher than those of WT and EV plants under 48 

drought stress respectively, but the opposite results were detected in soybean plants 49 

suppressing GmNFYA5. Furthermore, GmNFYA5 might regulate the expression 50 

abundance of GmDREB2 and GmbZIP1 by binding the promoter in vivo. 51 

Conclusions: These results suggest that overexpression of GmNFYA5 can improve 52 

drought tolerance via ABA-dependent and ABA-independent pathways in soybean.  53 

Keywords: Nuclear Factor YA, drought tolerance, ABA sensitivity, resistant 54 

mechanism, soybean 55 

 56 

Background 57 

Plant agriculture is afflicted by abiotic stresses, which lead to soil destruction and 58 

crop loss worldwide [1, 2]. Water stress is a major challenge, containing both drought 59 

and salt stresses; compared to salt stress, drought is more widespread and damaging 60 

[3]. The adaptation to drought involves complex regulatory networks containing 61 
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control of water flux and cellular osmotic adjustment in plants [4-6]. Some 62 

transcription factor genes were known to play an important role under stress, such as 63 

AP2/ERF and MYB family [7-9].  64 

The CCAAT box binding factor (CBF), also known as Nuclear Factor Y (NF-Y) 65 

transcription factor or Heme Activator Protein (HAP), which is composed of three 66 

subunits: NF-YA, NF-YB and NF-YC [10-12]. In monocotyledonous and 67 

dicotyledonous plants, one subunit is encoded by tens of genes, but by only one or 68 

two genes in animals [11]. The members of different NF-Y families have diverse 69 

functions in regulating plant development and growth, such as flowering time, plant 70 

height, root elongation, embryogenesis, seed germination [13-24].  71 

The NF-Y genes are excellent regulators of abiotic stress-induced responses. 72 

Overexpression of AtNFYA5 in Arabidopsis resulted in enhanced resistance to drought 73 

stress by affecting the expression of many drought stress related genes [25]. 74 

Transgenic rice lines of OsNFYA7 could improve the level of drought tolerance via 75 

ABA-independent pathway [26]. Transgenic rice overexpressing OsHAP2E [27] and 76 

bermudagrass Cdt-NFYC1 [28] displayed improved resistant to drought and salt 77 

stresses. A lot of stress-related parameters showed that overexpression of ZmNFYB2 78 

resulted in drought resistance to transgenic maize plants [29]. Most reports showing 79 

that NF-Ys play an important role in water stress mainly focused on rice and 80 

Arabidopsis. The function of a very few NF-Y members was confirmed in soybean, 81 

GmNFYA3 was found to be induced by drought and the transgenic Arabidopsis lines 82 

showed increased tolerance to drought stress [30]. However, the biological function of 83 

many other NF-Y members remains to be verified in soybean. 84 

In this study, GmNFYA5, a member of the NF-YA family in soybean, was induced 85 

by drought and ABA. The transgenic Arabidopsis and soybean lines with positive 86 

hairy roots overexpressing GmNFYA5 showed enhanced tolerant to drought stress in 87 

ABA-dependent and ABA-independent pathways.  88 

 89 

Results 90 
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Isolation and characterization of GmNFYA5 91 

It was reported that the NF-YA genes mediated in drought stress tolerance [25, 26, 30]. 92 

21 NF-YA genes were investigated in seedling leaves using qRT-PCR, most of which 93 

were induced by drought stress. Transcript of GmNFYA5 was highest among all of the 94 

21 genes at 2 h after drought stress (Figure 1A). Also, transcript of GmNFYA5 was 95 

induced by ABA significantly (Figure 1B). Detached leaves were used to understand 96 

whether ABA could affect the drought-induced transcript of GmNFYA5 by using NAP, 97 

which is an inhibitor of ABA biosynthesis. The GmNFYA5 transcript under drought 98 

treatment for 2 h was similar to the above pattern compared with the control (Figure 99 

1A and Figure 1C). However, pretreatment with NAP suppressed the expression level 100 

of GmNFYA5 (Figure 1C). 101 

GmNFYA5 encodes a peptide of 303 amino acid residues with a polypeptide of 102 

37.68 KD and an isoelectric point (pI) of 8.86. GmNFYA5 contains highly core 103 

regions common to Arabidopsis NF-YA proteins which are consists of two 104 

subdomains: a NF-YB/C binding subdomain and a DNA binding subdomain, 105 

connected by a linker and required for association with the NF-YB/C heterodimer and 106 

binding CCAAT sequences respectively. The amino acids indicated by asterisks are 107 

critical residues and conserved. Alignments of GmNFYA5 and Arabidopsis NF-YA 108 

proteins in the conserved domain showed that it had the highest identity with 109 

AtNFYA5 (Figure S1A). Phylogenetic analysis based on the amino acid sequences in 110 

conserved domain showed that GmNFYA5 clustered with AtNFYA6 and AtNFYA5 in 111 

Arabidopsis (Figure S1B). 112 

Tissue specific expression analysis and subcellular localization  113 

Under normal conditions, the expression of GmNFYA5 in different tissues, including 114 

roots, stems, cotyledon, leaves, apical buds, flower buds and flower were evaluated by 115 

qRT-PCR at vegetative and reproductive growth stage. The transcript of GmNFYA5 116 

was detected in every tissue at two developmental stages, with a significantly increase 117 

in leaves at flowering stage compared with seedling stage, and the transcript 118 

abundance in roots was very high compared with that in other tissues. To analysis the 119 

expression patterns in greater detail, transgenic Arabidopsis T3 lines overexpressing 120 
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GmNFYA5 promoter:GUS were researched. The results showed that the expression of 121 

GUS was detected in various tissues (Figure 2B). The level of GmNFYA5 expression 122 

was high in floral tissues, with prominent expression in the leaf vascular system and 123 

roots. At seedling stage, a low level of GUS staining was observed in leaves, with a 124 

higher level of staining at flowering stage (Figure 2B), which were consistent with the 125 

results of the qRT-PCR.  126 

To investigate the localization of GmNFYA5 in cells, recombinant vectors 127 

p16318GFP:GmNFYA5 and mCherry:GmNFYA3 were co-transformed into 128 

Arabidopsis protoplasts. GFP and mCherry fluorescence of two fusion protein in 129 

transformed cells were localized exclusively to the nucleus collectively (Figure 2D). 130 

Control GFP was uniformly distributed all over the protoplasts cell (Figure 2C), 131 

which showed that GmNFYA5 was a nuclear-localized protein. 132 

Sensitivity of Transgenic Arabidopsis Plants to Exogenous ABA and PEG 133 

To measure ABA sensitivity as affected by GmNFYA5, seeds from transgenic and WT 134 

plants were germinated on 1/2 MS medium with different concentrations of ABA. The 135 

germination rate of seeds was similar in all plants under control conditions (Figure 136 

3A). In the presence of 0.5 and 0.8 μM ABA, seed germination was suppressed 137 

significantly in transgenic Arabidopsis and WT lines, the inhibition of WT seeds was 138 

much smaller than transgenic seeds. Germination rate of WT seeds reached up to 139 

73.15% at 36 h compared with only 12.04 to 18.52% germination rate in transgenic 140 

lines at 0.5 μM ABA (Figure 3A). Only 7.41 to 12.96% germination rates were 141 

detected in transgenic lines compared to 62.04% germination rate of the WT seeds by 142 

36 h at 0.8 μM ABA (Figure 3A). 143 

Inhibition of root growth between WT and transgenic seedlings was also different 144 

by ABA. Three-day-old seedlings under normal conditions were transferred to1/2 MS 145 

medium with 0.5-1 μM ABA. A week later the length of roots was measured, all 146 

seedlings had similar root length under normal conditions, while the length of roots in 147 

transgenic plants was shorter than WT plants when treated with ABA (Figure 3B and 148 

Figure 3C).  149 

In addition, PEG sensitivity of seeds in WT and transgenic lines was measured by 150 
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being germinated on 1/2 MS medium with different concentrations of PEG. The 151 

germination of WT seeds was more sensitive to PEG than transgenic lines. Compared 152 

to 53.06-58.5% germination rates of the transgenic seeds by 48 h, only 25.17% 153 

germination rates were observed in WT seeds when treated with 8% PEG (Figure 4A). 154 

Besides, WT seeds germinated much later than those of transgenic seeds under the 155 

treatment of 10% PEG (Figure 4A).  156 

Growth of seedlings was also inhibited differentially by PEG in WT and transgenic 157 

lines. Three-day-old seedlings were transferred to 1/2 MS medium with 10-12% PEG 158 

and measured in root length a week later. Compared to almost equal root length in all 159 

plants under control conditions, the root of transgenic plants was longer than those of 160 

the WT in presence of PEG (Figure 4B and Figure 4C). 161 

Tolerance analysis of transgenic Arabidopsis plants to drought stress 162 

Transgenic Arabidopsis plants overexpressing GmNFYA5 were generated to elucidate 163 

the role of the gene. Three homozygous transgenic lines (OE-1, OE-2 and OE-5) 164 

detected using qRT-PCR were selected for functional analysis (Figure 5B). WT plants 165 

appeared to be extreme wilting by withholding water for 14 days, while the transgenic 166 

lines still displayed turgid (Figure 5A). After re-watering for 7 days, a majority of WT 167 

plants were unable to recover (19.44% survival). By contrast, most transgenic lines 168 

still displayed turgid (55.56-86.11% survival) as showed in Figure 5C. Decreased 169 

RWC and increased ion leakage were caused by drought stress in all plants. 170 

Transgenic lines maintained 64.98-69.37% RWC and 54.31-62.42% ion leakage 171 

compared to 24.34% RWC and 79.29% ion leakage in leaves of WT plants (Figure 5E 172 

and Figure5F). Moreover, detached leaves of transgenic plants lost water more slowly 173 

than those of WT (Figure 5D).  174 

The concentrations of ABA in transgenic lines were higher than those of WT plants 175 

under drought condition with similar concentrations of ABA between WT and 176 

transgenic lines under normal condition (Figure 5G). Under the treatment of 10 μM 177 

ABA, the stomatal aperture of transgenic lines was smaller significantly than that of 178 

WT and no significant difference was observed between WT and transgenic lines 179 

under normal condition (Figure 5H and Figure 5I).  180 
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Transcription profiles of stress-related genes in transgenic Arabidopsis  181 

To research the role of GmNFYA5 in regulation of drought stress tolerance, 9 182 

stress-related genes including 6 ABA-dependent genes (ABI2, ABI3, NCED3, LEA3, 183 

RD29A and P5CS1) and 3 ABA-independent genes (DREB1A, DREB2A and DREB2B) 184 

were analyzed via using three transgenic lines in comparison with WT plant under 185 

treatments of control, drought and drought pretreated with NAP. Under control 186 

condition, the transcripts of DREB1A, DREB2A, DREB2B, ABI2, ABI3, LEA3, RD29A 187 

and P5CS1 in transgenic plants were significantly higher than those in WT plants, 188 

while NCED3 transcript exhibited no significant difference (Figure 6). Moreover, all 189 

genes maintained higher transcript levels in transgenic Arabidopsis plants than those 190 

in the WT plants under drought stress (Figure 6). However, NAP suppressed the 191 

drought-induced transcripts of all genes, especially ABI2, ABI3, LEA3, RD29A and 192 

P5CS1 (Figure 6E-I).  193 

Tolerance analysis of transgenic soybean plants to drought stress 194 

Three transgenic soybean lines OE, EV and RNAi were generated to research the 195 

functions of GmNFYA5 by A. rhizogenes-mediated transformation of soybean hairy 196 

roots. Results of qRT-PCR showed that the relative mRNA level of GmNFYA5 in OE 197 

plants is higher significantly than that of EV. Significantly higher level of GmNFYA5 198 

transcript was observed in EV plants than that in RNAi plants.  199 

The RNAi plants displayed severe wilting by withholding water for 16 days, while 200 

a small part of EV plants and a majority of OE plants appeared to be healthy (Figure 201 

7b). After re-watering for 3 days, the ratio of OE plants survived was larger 202 

significantly than that of EV plants, nearly all of the RNAi plants were unable to 203 

recover eventually (Figure 7C and Figure 7H). Increased ion leakage, MDA and 204 

decreased RWC were observed with the treatment of drought in all plants. Higher 205 

RWC and lower ion leakage and MDA were detected in OE plants compared with 206 

those of EV plants, and the opposite results were observed in RNAi plants (Figure 207 

7E-G). Water loss of the leaves was unable to be observed because the three 208 

transgenic soybean lines only had positive hairy roots. 209 

Transcription profiles of stress-related genes in transgenic soybean lines 210 
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The transcript levels of 6 stress-responsive genes including 3 ABA-dependent genes 211 

(GmDREB1, GmDREB2 and GmDREB3) and 3 ABA-independent genes 212 

(GmWRKY46, GmNCED2 and GmbZIP1) were analyzed using qRT-PCR with 213 

treatments of control, drought and drought pretreated with NAP. Under control 214 

condition, significantly higher expression levels of GmDREB1, GmDREB2, 215 

GmDREB3, GmWRKY46 and GmbZIP1 were detected in OE soybean hairy roots, the 216 

opposite results were observed in RNAi lines compared with those of EV lines, while 217 

GmNCED2 transcript showed no significant difference (Figure 8A-F). Drought 218 

induced expression levels of the 6 genes which showed significantly higher in OE 219 

soybean lines, and the opposite results were detected in RNAi lines compared with 220 

those in EV lines. However, NAP suppressed drought-induced transcripts of all genes, 221 

especially GmWRKY46 and GmbZIP1 (Figure 8E and Figure 8F). 222 

Transcriptional activation assays in Arabidopsis protoplasts 223 

The promoters of 15 stress-responsive genes were analyzed by PLACE program 224 

(http://www.dna.affrc.go.jp/PLACE/signalscan.html), which showed that one to six 225 

CCAAT elements were found (Table S2). Furthermore, two stress-related genes 226 

(GmDREB2 and GmbZIP1) were selected to explore whether GmNFYA5 could bind 227 

the promoters in vivo by an Arabidopsis protoplast transient expression system. 228 

Recombinant pGreenII 0800:GmDREB2p/GmbZIP1p vector was co-transformed into 229 

Arabidopsis protoplasts with an empty p16318GFP vector or a 230 

p16318GFP:GmNFYA5 vector (Figure 9A). These assays showed that the protoplasts 231 

expressing GFP-GmNFYA5 exhibited significantly higher expression level of the 232 

LUC reporter gene compared with the GFP (Figure 9B and Figure 9C). 233 

 234 

Discussion 235 

Compared with other abiotic stresses, drought is more widespread and damaging [3]. 236 

Multiple transcriptional cascades mediate gene regulation with the treatment of 237 

drought [31, 32]. Transcription factor genes induced in these cascades in turn regulate 238 

the related downstream genes to resist drought stress. Our results shows that most of 239 
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NF-YA members respond to drought stress in soybean (Figure 1A), which are 240 

consistent with the previous observations [33]; among all the NF-YA genes, the 241 

transcript level of GmNFYA5 is the highest one with the treatment of drought. Tissue 242 

specific expression analysis shows that transcript abundance of GmNFYA5 in roots is 243 

higher compared with that in other tissues except for leaves (Figure 2A), which 244 

implies that GmNFYA5 is connected with drought resistance. Likewise, several genes 245 

conferring drought tolerance to transgenic plants maintained the highest transcript 246 

abundance in roots under normal condition [25, 28, 34]. 247 

In addition to being induced by drought stress, GmNFYA5 is regulated by ABA 248 

(Figure 1B). The NAP treatment suppresses drought-induced transcript of GmNFYA5 249 

(Figure 1C), which shows that transcript of GmNFYA5 in response to drought depends 250 

on cross-talk of ABA signaling. It has been well documented that altered transcripts 251 

of NF-Y genes can affect the phenotypes and expression of stress-related genes via 252 

ABA-dependent pathway [25, 28, 30, 35]. In this study, overexpression of GmNFYA5 253 

confers drought tolerance to the transgenic Arabidopsis plants (Figure 5), and 254 

increased sensitivity to ABA based on germination rate and root length compared 255 

with WT plants (Figure 3). Meanwhile, the concentration of ABA and NCED3 256 

transcript in transgenic Arabidopsis are significantly higher compared with those in 257 

WT plants under drought stress (Figure 5G and Figure 6D). The observations show 258 

that overexpression of GmNFYA5 increases the expression level of NCED3 to 259 

enhance ABA biosynthesis, which increases ABA sensitivity in transgenic 260 

Arabidopsis plants. It was reported that overexpression of GmNFYA3 [30], AtNFYA5 261 

[25], Cdt-NFYC1 [28] and GmTGA17 [36] confers increased ABA sensitivity and 262 

drought tolerance to transgenic lines respectively. Improved drought resistance 263 

accompanies high sensitivity to the treatment of ABA [34, 37]. As an important 264 

signaling intermediate, ABA controls the expression of many stress-induced genes 265 

[38, 39]. Additionally, Increased ABA concentration in transgenic Arabidopsis plants 266 

(Figure 5G) is likely to be associated with higher transcript levels of stress-related 267 

genes in transgenic Arabidopsis plants compared with WT plants. 268 

ABA related marker genes, such as ABI2, ABI3, LEA3, RD29A and P5CS1, 269 



maintain higher transcript levels in transgenic Arabidopsis plants compared with WT 270 

plants under normal and drought conditions (Figure 6D-I). In addition, GmbZIP1 and 271 

GmWRKY46, ABA-dependent genes in soybean, are higher in transcript levels of OE 272 

plants compared with those of EV plants, and the opposite results are observed in 273 

RNAi plants under normal and drought conditions (Figure 8E and Figure 8F). NAP 274 

suppresses drought-induced expression level of these genes seriously (Figure 6 and 275 

Figure 8), which were certified to be positive regulators of drought tolerance [40-45]. 276 

The results show that GmNFYA5 confers drought tolerance to transgenic Arabidopsis 277 

and soybean plants via ABA-dependent way. Additionally, the transcript levels of 278 

DREB1A, DREB2A and DREB2B in transgenic Arabidopsis plants are higher than 279 

those of WT plants (Figure 6A-C). GmNFYA5 functions in positive regulation of ABA 280 

unrelated marker genes (GmDREB1, GmDREB2 and GmDREB3) in soybean (Figure 281 

8A-C). NAP affects drought-induced transcripts of these genes slightly (Figure 6 and 282 

Figure 8), Up-regulation of which improves drought tolerance through 283 

ABA-independent pathway [46-49]. Moreover, one to six CCAAT cis-acting elements 284 

are found in the promoter of all the marker genes used in this study (Table S2). 285 

Transcriptional activation assays shows that promoters of GmDREB2 and GmbZIP1 286 

are binded by GmNFYA5 to enhance the expression level of LUC reporter gene in 287 

vivo (Figure 9B and Figure 9C). The results give further insights into the regulation of 288 

drought tolerance by GmNFYA5 through ABA-dependent and ABA-independent 289 

pathways in Arabidopsis and soybean.  290 

 291 

Conclusions  292 

Transgenic soybean and Arabidopsis plants overexpressing GmNFYA5 exhibit 293 

enhanced drought tolerance depended on the phenotypic indexes and transcripts of 294 

drought-related genes. GmNFYA5 is likely to be a positive gene which can increase 295 

drought resistance and has potential application value in molecular breeding of 296 

soybean. 297 

 298 



Methods  299 

Plant growth and treatments  300 

Soybean (Glycine max L. Merr.) cultivar Williams 82 was grown in plastic pots (15 301 

cm in diameter and 20 cm in depth) containing a mixture of peat and vermiculite (1:1, 302 

v/v), 20-day-old seedlings were used to evaluate its expression patterns. For drought 303 

treatment, the whole plant was pulled up and washed cleanly, placed in a laminar flow 304 

hood for gradual drought for 12 h [28]. For ABA treatment, roots of soybean seedlings 305 

were subjected to 100 μM ABA for 12 h. During the two treatments, the leaves of 306 

soybean were collected at 0, 1, 2, 4, 8 and 12 h for isolation of RNA. To understand 307 

whether ABA was involved in drought-induced transcription of GmNFYA5, detached 308 

leaves were placed in H2O for 1 h to eliminate the influence of the wound stress, and 309 

then treated with distilled water or 1 mM naproxen (NAP), which can inhibit the 310 

synthesis of ABA, followed by drought treatment for 2 h. The leaves floated in H2O 311 

were normal control.  312 

Transgenic Arabidopsis lines and ecotype Columbia-0 (WT) seedling were used in 313 

this study. Seeds were surface-sterilized with 70% ethanol and washed with sterile 314 

water for three times, followed by being sterilized with 1% sodium hypochlorite for 315 

15 minutes and washed with sterile water for three times. Then the sterilized seeds 316 

were sown on half-strength Murashige and Skoog medium (1/2 MS, 2% sucrose, 317 

0.8% agar). After stratified at 4°C for 2 days in darkness, they were placed in a tissue 318 

culture room at 22°C with a 16-h photoperiod. For drought treatment, 3-week-old 319 

seedlings which were transferred to plastic pots (8 cm in length, width and depth) 320 

containing a mixture of peat and vermiculite (1:1, v/v) for 7 days were shut off water 321 

supply until they became wilting. Three biological replicates were performed for each 322 

line. 323 

To investigate the transcript of marker genes under conditions of drought and 324 

drought pretreat with NAP in transgenic Arabidopsis plants, 3-week-old seedlings 325 

were placed into H2O or 1 mM NAP solution, and then transferred to a laminar flow 326 

hood for 2 h as drought treatment. The seedlings floated in H2O were normal control. 327 
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Leaves were sampled for isolation of RNA. Three biological replicates were 328 

performed for each line. 329 

The seeds of soybean were provided from Dr. Li-Juan Qiu of the institute of Crop 330 

Science, Chinese Academy of Agricultural Sciences. The seeds of Arabidopsis were 331 

bought from ABRC (https://abrc.osu.edu/researchers). 332 

Germination rate and root growth assay 333 

The sterilized seeds were sown on 1/2 MS medium with 8-10% PEG 6000 (PEG) and 334 

0.5-0.8 μM ABA respectively and placed in a tissue culture room at 22°C after 335 

stratified at 4°C for 2 d in darkness. The germination rates were recorded every 12 336 

hours until the seed germination was completed. To investigate the root elongation of 337 

the transgenic Arabidopsis lines, 3-day-old seedlings were exposed to 1/2 MS 338 

medium with 10-12% PEG and 0.5-1 μM ABA. A week later, the length of roots were 339 

measured in all plants. All the measurements above were replicated three times 340 

biologically. 341 

Isolation of GmNFYA5 342 

Soybean cultivar Williams 82 was used to isolate the total RNA as described 343 

previously [34]. The full-length cDNA of GmNFYA5 was obtained by PCR with 344 

KOD-Plus DNA polymerase (TOYOBO, Japan) with the following primers: forward 345 

5’-GTAAGTGCGACTCTAAGCAAGCCT-3’ and reverse 346 

5’-TAATGTAAATGAGCCAAGGATGACT-3’. The amplified products were purified 347 

and cloned into the pEASY-Blunt vector (TransGen, China) for sequencing. 348 

Analysis of transcript levels  349 

Quantitative real-time PCR (qRT-PCR) was performed with TransStart Top Green 350 

qPCR SuperMix (TransGen, China) according to the manufacturer’s instructions on 351 

an Applied Biosystems 7500 real-time PCR system. Three biological replicates were 352 

done for each experiment in a total volume of 20 μl. Gene-specific primers used for 353 

qRT-PCR assays were listed in Table S1.  354 

Subcellular localization  355 

The coding sequence (CDS) of GmNFYA5 without the termination codon was fused in 356 

frame to the N-terminus of GFP in the vector p16318GFP, and ligated with BamHI 357 
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site to generate a p16318GFP:GmNFYA5 fusion construct under the control of 358 

CaMV35S promoter using a primer set 359 

5’-TATCTCTAGAGGATCCATGAAGAACTTATGTGAG-3’ and 360 

5’-TGCTCACCATGGATCCCATAAGGACTGATAGACG-3’. The CDS of 361 

GmNFYA3 encoding a nuclear-localized protein [30] was cloned into the EcoRI site of 362 

a vector named pLVX-IRES-mCherry using a primer set 363 

5’-TCTATTTCCGGTGAATTCATGCAAACTGTTTATCTT-3’ and 364 

5’-ACTAGTCTCGAGGAATTCAACTTTAAGGTTGCAGCA-3’. The 365 

GmNFYA3:mCherry fusion protein was used for the marker of the nucleus, 366 

Arabidopsis protoplasts were prepared as described [50]. Transfected protoplasts were 367 

incubated in darkness at 22°C for 16-18 h, GFP fluorescence signals were observed 368 

with a confocal laser scanning microscope named LSIM 700 (Zeiss) and repeated 369 

three times biologically [51]. 370 

Transcriptional activation assays 371 

The promoters of GmDREB2 and GmbZIP1 were cloned into the LUC reporter vector 372 

pGreen II 0800 containing Renilla luciferase (REN) gene used as an internal control 373 

driven by the CaMV 35S promoter. The effector and reporter plasmids were extracted 374 

and introduced into the Arabidopsis protoplasts using PEG4000-mediated 375 

transformation. The assays were performed as described previously [6]. 376 

Generation rate of transgenic Arabidopsis lines 377 

The CDS of GmNFYA5 was cloned into the NcoI site of a vector named 378 

pCAMBIA1302 and driven by CaMV35S promoter using a primer set 379 

5’-GGGACTCTTGACCATGATGAAGAACTTATGTGAG-3’ and 380 

5’-TCAGATCTACCATGGCCATAAGGACTGATAGACG-3’. The 381 

pCAMBIA1302:GmNFYA5 construct was introduced into Agrobacterium tumefaciens 382 

GV3101 and infected Arabidopsis using the floral dip method. The positive transgenic 383 

Arabidopsis lines were screened by hygromycin (Roche, Germany) to select the T1 384 

and T2 plants to harvest homozygous transgenic seeds. 385 

Promoter:GUS analysis 386 

The promoter of GmNFYA5 was amplified from the DNA of soybean cultivar 387 
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Williams 82 with the forward primer 5’-AAGAGGAACACAGAAGTCTATGAGT-3’ 388 

and reverse primer 5’-GCACATCAGATTCAGAGGAAGTCCC-3’. The products 389 

were introduced into a reconstructive pCAMBIA1305 vector (GFP coding region was 390 

replaced by GUS coding region) incorporating EcoRI and NcoI sites with the forward 391 

primer 5’-CCATGATTACGAATTCAAGAGGAACACAGAAGTC-3’ and reverse 392 

primer 5’-CTCAGATCTACCATGGCTCACATAAGTTCTTCAT-3’. The construct 393 

was introduced into A. tumefaciens GV3101 and transferred into Arabidopsis Col-0 394 

plants by the floral dip method. The positive transgenic Arabidopsis lines were 395 

screened by hygromycin to harvest homozygous seeds. 396 

A. rhizogenes-mediated transformation of soybean hairy roots  397 

The CDS of GmNFYA5 was inserted into the pCAMBIA3301 vector incorporating 398 

NcoI and BstEII sites with the following primers: forward   399 

5’-GGACTCTTGACCATGATGAAGAACTTATGTGAG-3’ and reverse 400 

5’-ATTCGAGCTGGTCACCCATAAGGACTGATAGACG-3’. Meanwhile a 635-bp 401 

synthetic RNAi hairpin fragment (Figure S2) was introduced into the pCAMBIA3301 402 

vector and ligated with the same sites as above. The pCAMBIA3301:GmNFYA5, 403 

pCAMBIA3301 empty vector and pCAMBIA3301:RNAi-GmNFYA5 construct were 404 

introduced into A. rhizogenes K599 and used to infect the hypocotyls of 5-day-old 405 

soybean, and then hairy roots were induced for two weeks [52]. The positive hairy 406 

roots were screened using QuickStix kit for PAT/bar (EnviroLogix, America) and 407 

qRT-PCR. Transgenic soybean lines having positive hairy roots were named 408 

OE-GmNFYA5 (OE), empty vector (EV) and RNAi-GmNFYA5 (RNAi) respectively 409 

and transferred to plastic pots (11 cm in depth, 13.5 cm in diameter) containing a 410 

mixture of peat and vermiculite (1:1, v/v) to grow for 7 days, followed by shutting off 411 

water supply until they became wilting. To analyze the transcription of drought related 412 

genes under conditions of drought and drought pretreated with NAP in transgenic 413 

soybean plants, positive hairy roots were placed into H2O or 1 mM NAP solution, and 414 

then transferred to a laminar flow hood for 2 h as drought treatment. The roots floated 415 

in H2O were normal control. Roots were sampled for isolation of RNA. Three 416 

biological replicates were performed for each line. 417 
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Stomatal aperture analysis  418 

The epidermises of leaves were treated for 3 h in stomatal opening buffer (5 mM 419 

MES, 10 mM KCl, 50 mM CaCl2, pH 5.6), following by being exposed to 10 μM 420 

ABA, which was described previously [53]. Stomatal apertures of stomatal complexes 421 

with no mesophyll cells surrounding them were analyzed and measured thereafter. 422 

Three biological replicates were done for each line. 423 

Measurement of water loss, malondialdehyde (MDA) and ABA content  424 

Leaves of 3-week-old Arabidopsis lines were detached, and the weight was measured 425 

every 30 minutes under the same condition. Each line was determined in three 426 

replicates. The percentage of initial fresh weight at 9 time points was used to 427 

represent water loss of transgenic Arabidopsis and WT plants. MDA contents were 428 

measured and calculated as described previously [51, 54]. All the measurements 429 

above were replicated three times biologically. 430 

To measure the concentrations of ABA in transgenic Arabidopsis and WT plants, 431 

ABA ELISA assay kit (Jiancheng, China) for plant was used as described previously 432 

[55]. All the measurements were replicated three times biologically. 433 

Measurement of relative water content (RWC) and ion leakage 434 

RWC and ion leakage were determined when plants became wilting as described 435 

previously [56, 57]. All the measurements were replicated three times biologically. 436 

Statistical analysis 437 

All the data were subjected to analysis with Student’s t test. All the measurements 438 

were replicated three times biologically to calculate the standard errors. 439 

 440 
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Figure legends 654 

Figure 1 GmNFYA5 expression as affected by drought stress and ABA. (A) 655 

Transcripts of 21 NF-YA genes were analyzed using qRT-PCR in soybean under 656 

drought stress. The expression levels were normalized to that of GmCYP2. GmNFYA5 657 

transcript at 0 h was set at 1.0, and SD for three biological replicates is represented by 658 

error bars. (B) Transcript of GmNFYA5 was analyzed in response to ABA treatment in 659 

soybean. The expression levels were normalized to that of GmCYP2. GmNFYA5 660 

transcript at 0 h was set at 1.0, and SD for three biological replicates is represented by 661 

error bars. (C) qRT-PCR of GmNFYA5 transcript in soybean plants in response to 662 

drought stress with the treatment of 1 mM NAP. Control, drought and drought 663 

pretreated with NAP are indicated by CTR, D and D + NAP respectively. The level of 664 

GmNFYA5 transcript under control condition was set at 1.0, and the internal control 665 

was GmCYP2. SD for three biological replicates is represented by error bars. 666 

Significant differences at 0.01 < P < 0.05 and P < 0.01 are indicated by * and ** 667 

above the columns respectively.  668 

Figure 2 Tissue specific expression analysis and subcellular localization of 669 

GmNFYA5. (A) Expression abundance of the GmNFYA5 gene in soybean tissues at 670 

seedling and flowering stages. The tissues of soybean under normal condition were 671 

used to extract total RNA. The relative transcript level of GmNFYA5 in soybean 672 

tissues is indicated by the vertical column. GmNFYA5 transcript in roots was set at 1.0, 673 

and the internal control was GmCYP2. SD for three biological replicates is 674 

represented by error bars. Significant differences at 0.01 < P < 0.05 and P < 0.01 are 675 

indicated by * and ** above the columns respectively. (B) Expression pattern of 676 

GmNFYA5 promoter:GUS in various tissues of transgenic Arabidopsis plants. a 677 

5-day-old seedling, b rosette leaf, c cauline leaf, d root, e flower , f silique. Each 678 

experiment was repeated three times biologically. (C) Subcellular localization of 679 

GmNFYA5. The fluorescence of GFP-GmNFYA5 and mCherry-GmNFYA3 fusion 680 

proteins in transformed cells was localized exclusively to the nucleus collectively. 681 

Scale bar = 10 μm. Three biological replicates were performed for each experiment. 682 



Figure 3 Germination rate and root growth of WT and transgenic Arabidopsis 683 

plants with ABA treatment. (A) Seed germination on 1/2 MS agar plates with 0, 0.5 684 

and 0.8 μM ABA. SD for three biological replicates (n = 64) is represented by error 685 

bars. (B) and (C) The root growth of WT and transgenic Arabidopsis plants on media 686 

with/without ABA. 3-day-old seedlings from 1/2 MS medium were transferred to the 687 

media containing 0, 0.5 and 1 μM ABA, 7 days later the photographs were taken. 688 

Scale bar = 2 cm. Each experiment was repeated three times biologically and similar 689 

results were obtained. Each measurement represents the average root length of thirty 690 

seedlings ± SD. Significant differences at 0.01 < P < 0.05 and P < 0.01 are indicated 691 

by * and ** above the columns respectively. 692 

Figure 4 Germination rate and root growth of WT and transgenic Arabidopsis 693 

plants with PEG treatment. (A) Seed germination on 1/2 MS agar plates with 8 and 694 

10% PEG. SD for three biological replicates (n = 64) is represented by error bars. (B) 695 

and (C) The root growth of WT and transgenic Arabidopsis plants on media 696 

with/without PEG. 3-day-old seedlings from 1/2 MS medium were transferred to the 697 

media containing 0, 10 and 12% PEG, 7 days later, the photographs were taken. Scale 698 

bar = 2 cm. Each experiment was repeated three times biologically and similar results 699 

were obtained. Each measurement represents the average root length of thirty 700 

seedlings ± SD. Significant differences at 0.01 < P < 0.05 and P < 0.01 are indicated 701 

by * and ** above the columns respectively. 702 

Figure 5 Improved drought tolerance and stomatal aperture analysis in 703 

transgenic Arabidopsis plants. (A) Assessment of drought tolerance in transgenic 704 

Arabidopsis plants. 3-week-old plants were grown without water supply for 14 days, 705 

followed by re-watering for 7 days. Each experiment was repeated three times (n = 64) 706 

biologically. Drought resistance of transgenic Arabidopsis plants was assayed by the 707 

capability to resume growth when returned to normal conditions after drought stress. 708 

(B) GmNFYA5 transcript was detected in three transgenic Arabidopsis lines. The 709 

expression levels were normalized to that of Tub8. Transcript of GmNFYA5 in WT 710 

plants was set at 1.0, and SD for three biological replicates is represented by error 711 

bars. (C-G) Measurements of survival rate, water loss, ion leakage, RWC and 712 

javascript:;
javascript:;


concentrations of ABA in transgenic Arabidopsis and WT plants. Three biological 713 

replicates (n = 64) were performed for each line. (H-I) The stomatal aperture in 714 

transgenic Arabidopsis and WT plants with normal and 10 μM ABA treatments, the 715 

width/length of the stomatal aperture was measured using the ruler tool of Adobe 716 

Photoshop CS5. Scale bar = 5 μm. SD for three biological replicates (n = 40) is 717 

represented by error bars. Significant differences at 0.01 < P < 0.05 and P < 0.01 are 718 

indicated by * and ** above the columns respectively. 719 

Figure 6 Relative transcript levels of DREB1A, DREB2A, DREB2B, ABI2, ABI3, 720 

NCED3, LEA3, RD29A and P5CS1 in transgenic Arabidopsis and WT plants 721 

under three conditions. The relative transcript level is indicated by the vertical 722 

column and normalized to that of Tub8. Transcripts of stress-related genes in WT 723 

plants under normal condition was set at 1.0, SD for three biological replicates is 724 

represented by error bars. Control, drought and drought pretreated with NAP are 725 

indicated by CTR, D and D + NAP respectively. Significant differences compared 726 

with the WT plants at 0.01 < P < 0.05 and P < 0.01 are indicated by * and ** above 727 

the columns respectively. 728 

Figure 7 Improved drought tolerance in transgenic soybean plants.  729 

(A-C) Assessment of drought tolerance in transgenic soybean plants. Transgenic 730 

soybean plants with positive hairy roots were transferred to plastic pots containing a 731 

mixture of peat and vermiculite (1:1, v/v) to grow for 7 days, and then grown without 732 

water supply for 16 days, followed by re-watering for 3 days. Each experiment was 733 

repeated three biological replicates (n = 64). Drought resistance of transgenic soybean 734 

plants was assayed by the capability to resume growth when returned to normal 735 

conditions after drought stress. Scale bar = 5 cm. (D) Relative transcript of GmNFYA5 736 

was detected in three transgenic soybean lines. Transcript of GmNFYA5 in EV plants 737 

was set at 1.0, and the expression levels were normalized to that of GmCYP2. SD for 738 

three biological replicates is represented by error bars. (E-H) Measurements of MDA, 739 

RWC, ion leakage, survival rate in transgenic soybean plants. Data represent mean SD 740 

for three biological replicates (n = 64). Significant differences at 0.01 < P < 0.05 and 741 

P < 0.01 are indicated by * and ** above the columns respectively. 742 
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Figure 8 Relative transcript levels of GmDREB1, GmDREB2, GmDREB3, 743 

GmNCED2, GmWRKY46 and GmbZIP1 in transgenic soybean and EV plants 744 

under three conditions. The relative transcript level is indicated by the vertical 745 

column and normalized to that of GmCYP2. Transcripts of stress-related genes in EV 746 

plants under normal condition was set at 1.0, SD for three biological replicates is 747 

represented by error bars. Control, drought and drought pretreated with NAP are 748 

indicated by CTR, D and D + NAP respectively. Significant differences compared 749 

with the EV plants at 0.01 < P < 0.05 and P < 0.01 are indicated by * and ** above 750 

the columns respectively. 751 

Figure 9 GmNFYA5 increase the activity of LUC reporter gene by binding the 752 

promoters of GmDREB2 and GmbZIP1. (A) The structures of effector and reporters. 753 

(B) and (C) The ratio of the LUC to REN indicates the activity of GmNFYA5 on the 754 

transcript of the GmDREB2 and GmbZIP1 promoters. SD for three biological 755 

replicates (n = 10) is represented by error bars. Significant differences at 0.01 < P < 756 

0.05 and P < 0.01 are indicated by * and ** above the columns respectively. 757 

 758 

Supplemental data 759 

The following materials are available in the online version of this article. 760 

Figure S1 Sequence alignment of the conserved domains of GmNFYA5 and 761 

members of NF-YA family in Arabidopsis. (A) Sequence alignment of the conserved 762 

domains in GmNFYA5 and 10 members of NF-YA family in Arabidopsis, two 763 

subdomains and linker are underlined. Asterisks indicate critical amino acids. (B) 764 

Phylogenetic analysis of GmNFYA5 with 10 members of NF-YA family in 765 

Arabidopsis. An unrooted neighbor joining tree was constructed using MEGA 7.0. 766 

Figure S2 The sequence of RNAi-GmNFYA5 which was inserted into the 767 

pCAMBIA3301 vector incorporating NcoI and BstEII sites to generate the RNAi 768 

soybean line. The hairpin structure is composed of three sequences: the positive 769 

sequence of RNAi-GmNFYA5 in blue color, the reverse complementary sequence in 770 

green color and an intron of GmNFYA5 in purple color.  771 



Table S1 List of primers used in this study. 772 

Table S2 Promoter sequence analysis of genes up-regulated by GmNFYA5 in 773 

transgenic Arabidopsis and soybean lines. 774 

 775 

 776 
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