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                     Abstract 
  Agarophyton vermiculophyllum  is an agarophytic red alga originating from Northeast Asia that successfully spread to Europe 

and North America in the last 20 years. In this study, three  hsp70  genes ( hsp70-1 ,  hsp70-2 , and  hsp70-3 ) and one  hsp90  
gene were cloned, and real-time reverse transcription polymerase chain reaction (RT-qPCR) was used to measure their tran-

scriptional levels in three kinds of thalli (tetrasporophytes, and male/female gametophytes) belonging to diploid or haploid 

phases in the life cycle of  A. vermiculophyllum . The results show that the three Hsp70s in  A. vermiculophyllum  clustered into 

three diff erent groups, and the locations of the putative Hsp70-1, Hsp70-2, and Hsp70-3 were in the cytoplasm, endoplasmic 

reticulum and chloroplast, respectively, according to their sequences. Beside on the same research, the putative Hsp90 was 

supposed to have a cytoplasmic location. The RT-qPCR results show that the three  hsp70  genes were highly upregulated in 

gametophytes as compared to tetrasporophytes but the transcriptional level of  hsp90  did not show such a signifi cant increase. 

The chloroplast  hsp70-3  exhibited the highest upregulation and the transcriptional level increased more than 570 fold in 

female gametophytes, and 17 fold in male gametophytes, compared with tetrasporophytes. Therefore, cpHsp70-3 might act 

more like a chaperon molecule involved in haploid development under natural condition, while Hsp70-1 and Hsp70-2 were 

more active in stress resistance. 

   Keywords      Agarophyton vermiculophyllum     ·  Hsp70    ·  Hsp90    ·  Phases    ·  RT-qPCR  

      Introduction 

 The agarophytic red alga  Agarophyton vermiculophyllum  
(Ohmi) (Gurgel et  al.  2018 ) is originally distributed in 

Northeast Asia but successfully spread to Europe and North 

America in the last 20 years (Bellorin et al.  2004 ; Hammann 

et al.  2016 ; Saunders  2009 ; Sfriso et al.  2010 ; Weinberger 

et al.  2008 ). The life cycle of  A. vermiculophyllum  is typi-

cal for an organism within the class Florideophyceae and is 

composed of one haploid gametophytic phase (male/female) 

and two diploid sporophytic phases, namely tetrasporophyte 

and carposporophyte. The thalli of the gametophyte and tet-

rasporophyte are isomorphic, while the carposporophytic 

stage is small and grows on the branches of the female 

gametophyte. 

 In macroalgae, haploid–diploid shift during life-cycles is 

very common and persistent in their evolutionary history but 

the reason behind it is complex. Adaptive benefi ts could be an 

explanation (Hughes and Otto  1999 ; Marble and Otto  1998 ). 

For example, when invading new habitats, populations of  A. 
vermiculophyllum  are overwhelmingly dominated by diploid 

thalli, since the diploids having some functional advantages 

(Krueger-Hadfi eld et al.  2016 ). For  Gracilariopsis lemanei-
formis  sporelings, it was also shown that the average growth 

rate of diploid tetrasporophytes was signifi cantly higher than 

that of haploid gametophytes (Zhou et al.  2016 ). But what 

else would isomorphic biphasic algae gain from the ploidy 

diff erentiation except for the unbalanced ploidy rate in the fi eld 

(Hannch and Santelices  1985 ; Thornber and Gaines  2004 )? 

Reports of a survival advantage of haploids over diploids, and 

a fertility advantage of diploids over haploids, for  Gracilaria 
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chilensis  may answer this question and it was suggested that 

survival and fertility diff erentiation support the evolution and 

prevalence of biphasic life-cycles (Vieira et al.  2018a ,  b ). How-

ever, our knowledge about the endogenous molecular machin-

ery responsible for the eff ective control of sexual reproduction 

and haploid–diploid shifts during life cycles of red algae lags 

far behind that of higher plants (García-Jiménez and Robaina 

 2015 ). 

 Heat-shock proteins (Hsps) are ubiquitous proteins found 

in all studied organisms and were fi rst described in relation 

to heat shock in  Drosophila  (Ritossa  1962 ). They were later 

shown to be induced by a wide variety of stressors, including 

exposure to cold, UV light, wounding, tissue remodeling, or 

biotic stress (Boston et al.  1996 ; Lindquist and Craig  1988 ). In 

seaweeds, genes encoding Hsp have been cloned and used to 

monitor their expression under diff erent types of stress, such 

as UV light, high temperature, or high salinity (Cheng et al. 

 2006 ; Gu et al.  2012 ; Lewis et al.  2001 ; Liu et al.  2018 ; Zhang 

et al.  2012 ). As chaperon molecules, Hsps can also help cells 

to maintain normal cellular protein homeostasis by regulating 

the correct folding of newly synthesized peptides, as well as 

the transport and degradation of mature proteins (Morimoto 

et al.  1992 ). Some reports have noted the relationship between 

Hsps and plant development. For example, the expression of 

gene  hsp81  (belonging to the Hsp90 family) was detected in 

pollen, but not in the ovule, of  Arabidopsis thaliana  (Yabe 

et al.  1994 ). By diff erential screening of the cDNA library 

from a mixed population of female and male gametophytes of 

the red alga  Griffi  thsia japonica , it was suggested that  hsp90  
was active during the development of female gametophytes 

(Lee et al.  1998 ). 

 For  A. vermiculophyllum , it was reported that the invasive 

populations, which were mainly tetrasporophytes (Krueger-

Hadfi eld et al.  2016 ), expressed cytoplasmic protein Hsp70 

at signifi cantly higher levels than Chinese and Korean native 

populations which consist of tetrasporophytes and gameto-

phytes in equal parts (Hammann et al.  2016 ). These fi ndings 

suggest a relationship between ploidy and Hsp70 for  A. ver-
miculophyllum , but what would be the situation if multiple 

 hsp70  were considered? In this study, three  hsp70  genes 

and one  hsp90  gene were cloned for  A. vermiculophyllum . 
Real-time reverse transcription polymerase chain reaction 

(RT-qPCR) was used to check their diff erent transcriptional 

levels in both haploid and diploid fertile stages under nor-

mal condition without stress. The possible location and 

related function of these putative Hsps in diff erent phases 

are discussed. 

    Results 

   Whole length cDNA cloning and sequence analysis 
for the three  hsp70  genes of  A. vermiculophyllum  

 The complete CDS of  hsp70-1  contained 1977 nucleotides 

with the initiation codon ATG and the termination codon 

TAA included (Supplementary Fig. S1). The sequence 

was deposited in GenBank under accession number MH 

551265.1. This sequence encoded a deduced protein, 

Hsp70-1, containing 658 amino acid residues with a cal-

culated molecular weight of 71.66 kDa and theoretical 

pI of 4.88. According to the results from the websites 

  http://prosi te.expas y.org     and   http://hits.isb-sib.ch/cgi-

bin/PFSCA N    , this protein was found to have three typical 

Hsp70 family signature sequences, including IDLGTTYS, 

IFDLGGGTFDVSLL, and IVLVGGSTRIPKVQS (Bukau 

and Horwich  1998 ; Liu et al.  2018 ). In addition to these, a 

short sequence SEVD (similar to EEVD) was also found 

at the 3′ end of Hsp70-1, which is regarded as a charac-

teristic cytoplasmic tag for Hsp70 (Boorstein et al.  1994 ; 

Freeman et al.  1995 ). 

 The complete CDS of  hsp70-2  consisted of 1992 

nucleotides with the initiation codon ATG and the ter-

mination codon TAG included (Supplementary Fig. S2). 

The sequence was deposited in GenBank under acces-

sion number MH 551266.1. This sequence encoded a 

deduced protein, Hsp70-2, that contained 663 amino acid 

residues with a calculated molecular weight of 72.46 kDa 

and a pI of 4.68. The three typical Hsp70 family signa-

ture sequences, IDLGTTYS, VFDLGGGTFDVTLL, and 

VVLVGGSTRIPKVQQ, were also found here. A short 

sequence HEEL (similar to HDEL) was found at the 3′ 
end Hsp70-2 which functions as an endoplasmic reticulum 

targeting sequence in Hsp70 (Demand et al.  1998 ). 

 The complete CDS of  hsp70-3  consisted of 1866 

nucleotides with the initiation codon ATG and the ter-

mination codon TAA included (Supplementary Fig. S3). 

The sequence was deposited in GenBank under accession 

number MH 551267.2. This sequence encoded a deduced 

protein, Hsp70-3, containing 621 amino acid residues with 

a calculated molecular weight of 68.21 kDa and a pI of 

4.79. Similar to Hsp70-1 and Hsp70-2, three typical Hsp70 

family signature sequences were also found in Hsp70-3 

with slight modifi cation to IDLGTTNS, ILVFDLGGGT-

FDVSIL, and IVLVGGSTRIPAIQ -Q. 

 Although the similarity of nucleic acid between each of 

the three  hsp 70 genes cloned from  A. vermiculophyllum  
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compared to their equivalent genes in  G. lemaneiformis  
was not higher, at 91% (Hsp70-1), 80% (Hsp70-2), and 

85% (Hsp70-3), the similarity of the amino acid sequences 

between each of the three deduced Hsp70 proteins was 

much higher and showed the conserved nature of Hsp pro-

teins, at 98% (Hsp70-1), 90% (Hsp70-2), and 92% (Hsp70-

3), respectively. 

    Phylogenetic tree for Hsp70 

 The phylogenetic tree in Fig.  1  was drawn according to the 

alignment results of the deduced Hsp70 protein sequences 

from  A. vermiculophyllum  and their related protein 

sequences acquired from the NCBI database. It is shown 

from the tree that the three Hsp70s in  A. vermiculophyllum  
were separated into three diff erent clusters.         

    Whole length cDNA cloning and sequence analysis 
for the  hsp90  genes of  A. vermiculophyllum  

 The complete CDS of  hsp90  consisted of 2193 nucleotides 

with the initiation codon ATG and the termination codon 

TAA included (Supplementary Fig. S4). The sequence 

was deposited in GenBank under accession number MH 

551268.2. This sequence encoded a deduced protein, Hsp90, 

containing 730 amino acid residues with a calculated molec-

ular weight of 83.3 kDa and a pI of 4.59. Five segments 

of typical Hsp90 family signature sequences, YSNKEIFL-

RELISNASDALNKVR, LGMIANSGTK, MIGQFGVG-

FYSSYLVA, IKLYVKRVFIM, and KGVVDSEDLPLN-

LSREM were found in this protein (Gutpa  1995 ). At the 

C-terminus, MEEVD is a characteristic cytoplasmic tag for 

Hsp90 (Terasawa et al.  2005 ). According to Blastp from the 

U.S. National Center for Biotechnology Information (NCBI), 

the similarity between Hsp90 from  A. vermiculophyllum  and 

  Fig. 1       NJ tree for three members of Hsp70 cloned in  A. vermiculophyllum  and their related proteins (the three colors indicate the three Hsp70 

clusters)  
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 Gracilariopsis chorda , currently the most closely related 

sequence that could be found on the website, was 99% with 

only one amino acid diff erence. 

    Quantitative analysis of mRNA transcription 
of  hsp  genes among the three diff erent thalli of  A. 
vermiculophyllum  

 The relative transcriptional levels of  hsp70-1 ,  -2 ,  -3 , and 

 hsp90  genes were estimated using RT-qPCR, and the results 

are shown in Fig.  2 , where RQ represents  2 −ΔΔCt  using the 

relative transcriptional value for tetrasporophytes as the con-

trol for each gene. Therefore, in each diagram, the logRQ 

for tetrasporophytes is 0, and the positive values in male 

and female gametophyte indicate the upregulated gene 

transcription.         

 The qRT-PCR results showed that all three  hsp70  genes 

were highly upregulated in gametophytes compared to their 

transcriptional levels in tetrasporophytes, but the  hsp90  gene 

showed little enhancement. Among the three  hsp70  genes, 

 hsp70-3  exhibited the highest upregulation in gametophytes 

as compared to the tetrasporophyte: the transcriptional level 

increased more than 570 fold in female gametophytes and 

17 fold in male gametophytes. For  hsp70-1  and  hsp70-2 , 

the transcriptional level increased more than 6 fold and 35 

fold in female gametophytes, respectively, but only approxi-

mately 1.5 and 4 fold, respectively, in male gametophytes. 

     Discussion 

 Hsp70 is one of the most conserved proteins (Lindquist 

and Craig  1988 ) and all eukaryotes have multiple  hsp70  
gene products that diff er from each other in gene structure, 

subcellular location, and expression level (Brocchieri et al. 

 2008 ; Murpy  2013 ). In the present study, the sequence simi-

larities of the three Hsp70s cloned from  A. vermiculophyl-
lum  were all at least 90% higher than their corresponding 

proteins in  Gracilariopsis lemaneiformis.  However, the 

similarities among them were low,  i.e. , 63% (Hsp70-1 vs. 

Hsp70-2), 48% (Hsp70-1 vs. Hsp70-3), and 49% (Hsp70-2 

vs. Hsp70-3). This indicates both their conserved nature and 

functional divergence. 

 Previous studies have shown that diff erent Hsp70 paral-

ogs have both overlapping and diverse functions (Boorstein 

et al.  1994 ; Daugaard et al.  2007 ). The divergent C-terminal 

SBDs (substrate-binding domains) are necessary for cer-

tain co-chaperone interactions and probably defi ne their 

  Fig. 2       Relative transcriptional 

levels of four  hsp  genes in 

diff erent thalli of  A. vermicu-
lophyllum .  a – d  Relative tran-

scriptional levels of  hsp70-1 , 
 hsp70-2 ,  hsp70-3  and  hsp90  
genes, respectively. The rela-

tive transcriptional value for 

tetrasporophytes was set as the 

control for each gene  
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distinctive function (Brocchieri et al.  2008 ; Demand et al. 

 1998 ; Sung et al.  2001 ). For example, cytosolic eukaryotic 

Hsp70s possess GGMP repeats and the EEVD motif at the 

carboxyl terminus, whereas other Hsp70 family members 

lack such structural elements (Boorstein et al.  1994 ; Free-

man et al.  1995 ). It has been shown that in photosynthetic 

eukaryotes: (1) the Hsp70s are located in four diff erent cell 

compartments: the cytoplasm, mitochondria, endoplasmic 

reticulum (ER), and chloroplast (Bukau and Horwich  1998 ; 

Sung et al.  2001 ), and; (2) the most common motif for the 

cytosolic is EEVD, for the endoplasmic reticulum (ER) is 

HDEL, for the mitochondrion is PEAEYEEAKK and for 

the plastid is PEGDVIDADFTDSK (Guy and Li  1998 ). In 

the present study, the phylogenetic tree shows that the three 

Hsp70s cloned from  A. vermiculophyllum  were clustered 

into three diff erent groups (Fig.  1 ). Hsp70-1 and Hsp70-2 

are associated with cytoplasmic and endoplasmic reticulum 

locations, respectively, since each of them had the typical 

localization tag (motif EEVD or HDEL) at their C-terminus. 

For Hsp70-3 (AX191579.1), although the sequence of the 

C-terminus motif was not perfectly matched with the plastid 

motif sequence mentioned above (Table  1 ), the sequence 

structures for all the quoted Gracilariaceae species in this 

cluster were the same. Some of the sequences were explic-

itly acquired from chloroplast genome research, such as 

YP_063608.1 from  G. tenuistipitata  and YP_009509315.1 

from  A. vermiculophyllum.  Therefore, it can be inferred that 

the Hsp70-3 in this cluster is associated with a chloroplast 

location. It has been shown that there are two putative cpH-

sp70s (chloroplast Hsp70s) in fully sequenced genomes of 

land plants, such as  Arabidopsis  and rice, but the green alga 

 Chlamydomonas  only harbors a single cpHsp70 (Su and Li 

 2008 ). It is currently unknown whether this is also true for 

red algae.  

 These three  hsp70  genes ( hsp70-1 , hsp70-2  and  hsp70-3 ) 
were previously cloned and tested for their transcriptional 

level under heat shock in  Gracilariopsis lemaneiformis  (Gu 

et al.  2012 ; Liu et al.  2018 ) and the results indicated that 

in the wild type Hsp70-1 was the most active Hsp70 after 

the heat shock, because its transcriptional level increased 

dramatically. On the other hand, the transcriptional levels 

for  hsp70-2  and especially for  hsp70-3  were low, so it is 

supposed that under heat shock, Hsp70-2 and Hsp70-3 may 

play only a supporting role. Hsp70-3 is probably employed 

more actively in reaction to stresses other than heat. In 

the current study for  A. vermiculophyllum  as mentioned 

above, the transcriptional levels of all three  hsp70  genes 

were highly upregulated in gametophytes as compared to 

tetrasporophytes, and the highest increase was the  hsp70-3  
in gametophytes, especially in female gametophytes. Chen 

et al. ( 2011 ) have previously shown that  hsp70-3  is one 

of the diff erentially expressed gene clones in the female 

gametophytic SSH (suppression subtractive hybridization) 

library constructed between matured female and male game-

tophytes of  G. lemaneiformis . Furthermore, it was reported 

that in the green algae  Chlamydomonas  and  Dunaliella , 
chloroplast stromal Hsp70B has a functional relationship 

with photosynthesis (Schroda et al.  1999 ; Yokthongwattana 

et al.  2001 ), and in  Arabidopsis , cpHsp70 has been shown 

to be essential in plant development with knockout mutants 

having variegated malformed cotyledons and roots (Su and 

Li  2008 ). 

 All these results suggest that Hsp70-3 is located in 

the chloroplast and, in  A. vermiculophyllum,  plays an 

important role as a chaperon molecule in the develop-

ment of haploid gametophytes, especially in the female 

gametophyte. 

 It has been previously reported that the cytoplasmic 

protein Hsp70 is more highly expressed in invasive popu-

lations (mainly tetrasporophytes) of  A. vermiculophyl-
lum  than in native mixed-ploidy populations not only 

after, but also before, heat shock (Hammann et al.  2016 ; 

Krueger-Hadfield et  al.  2016 ). There are, however, at 

least two possible explanations for the diff erence between 

these fi ndings and those of the present study. Firstly, the 

methods used diff ered in the diff erent studies. In Ham-

mann et al. ( 2016 ), the Hsp70 content was checked using 

Western Blot, while here the quantities of transcribed 

 hsp70  genes were detected by RT-qPCR. The correlation 

of transcription level of a gene to its protein level is not 

  Table 1       Sequence alignment of the C-terminus of Hsp70-3  

  Gracilariaceae species    The sequence of C-terminus  

   Gracilariopsis lemaneiformis  heat shock protein 70-3 ALJ33148.1    KQQETDNTDTDSVID-------TNSKEA  

   Gracilaria tenuistipitata  heat shock protein 70 (chloroplast) YP_063608.1    TQQDNSKTEDGSVID-------TNSKEA  

   Agarophyton vermiculophyllum  Hsp70-type chaperone (chloroplast) YP_009509315.1    TQEENKKTEDDSVID-------TKSKEA  

   Agarophyton vermiculophyllum  heat shock protein 70-3 AX191579.1    QLKKNKKTEDDSVID-------TKSKGS  

  Chloroplast C-terminal motif    PEGDVID ADF TDSK  
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always consistent. Secondly, the environmental conditions 

of the algae were diff erent. The invasive population of  A. 
vermiculophyllum  were actually under stress due to the 

unfamiliar conditions of their new environment and that 

may induce the expression of cytoplasmic Hsp70-1. But 

our experiments were focused on the activities of diff erent 

 hsp  genes in diff erent ploidy plants of native specimens 

without stress, so the stress-resistant trait was not the pri-

mary one induced. 

 In contrast to Hsp-70, it has previously been suggested 

that  hsp90  is active during the development of female game-

tophytes in  Griffi  thsia japonica  (Lee et al.  1998 ). In the pre-

sent study, however, we did not fi nd signifi cant diff erences 

for the transcriptional levels of  hsp90  among tetraspora-

phytes and male/female gametophytes. 

 In conclusion, in  A. vermiculophyllum  and probably other 

related red algae, cytoplasmic Hsp70-1 and ER Hsp70-2 

might be more active in heat resistance, and Hsp70-3, as the 

chloroplast Hsp70 (cpHsp70), might participate as a chap-

eron molecule important for haploid development. Further 

studies are needed to understand the precise function(s) of 

cpHsp70 in  A. vermiculophyllum . 

    Materials and methods 

   Collection and temporary cultivation of  A. 
vermiculophyllum  

 Wild thalli of  A. vermiculophyllum  were collected from 

Fushan Bay, Qingdao, China (36.0° N, 120.2° E) during 

their fertile period. Three types of mature thalli—tetrasporo-

phytes (diploid), female and male gametophytes (haploid)—

were separated and thoroughly rinsed with sterilized seawa-

ter and cultured in seawater supplemented with 100 μmol/L 

 NaNO 3  and 10  μmol/L  NaH 2 PO 4  (final concentration) 

at 20 °C with 50–60 μmol photons/m -2 s -1  for a light/dark 

period of 12 h:12 h for 1–2 days. 

    Total RNA extraction and cDNA synthesis 

 Total RNAs were extracted from 200 mg fresh thalli for 

each sample, using the GeneJET Plant RNA Purifi cation Kit 

(Thermo Fisher Scientifi c, USA). The extracted RNAs were 

quantifi ed using a spectrophotometer and verifi ed by run-

ning samples on 1.0% agarose gels. To remove the remaining 

genomic DNA, total RNAs were treated with DNaseI (30 U) 

for 15 min at 37 °C. Then 1 μg total RNAs were subject to 

cDNA synthesis using SuperScript™ II reverse transcription 

(RT)-PCR kit (TaKaRa, Japan) in 25 μl volume according to 

instruction manual, using the Anchored Oligo(dT) 18  Primer. 

The fi rst strands of cDNA obtained were used for partial 

cDNA fragment cloning and real-time PCR. For 3′ and 5′ 
RACE, the fi rst strands of cDNA were obtained using 3′CDS 

primer (Table  3 ) according to SMARTer RACE 5′/3′ Kit 

(Clontech, USA). 

    Whole length cDNA cloning of  hsp  genes for  A. 
vermiculophyllum  

   Partial cDNA fragment cloning of  hsp  genes 

 Three  hsp70  genes, i.e.,  hsp70-1 ,  hsp70-2 , and  hsp70-3 , 
were previously cloned from  Gracilariopsis lemaneiformis , 
which is a red algal species in a closely related genus to 

 Gracilaria  (Gu et al.  2012 ; Liu et al.  2018 ). Therefore, 

we used these three genes and their related sequences as 

the templates to design the degenerate primers for clon-

ing the partial cDNA fragment of each  hsp70  gene from 

 A. vermiculophyllum . The coding sequences (CDSs) 

used as templates were:  G. lemaneiformis  (KR534897.1), 

 Chondrus crispus  (XM_005712356.1),  Pyropia haitanen-
sis  (KF715267.1), and  Pyropia yezoensis  (KF574043.1) 

for cloning  hsp70-1 ;  Gracilariopsis lemaneiformis  
(KR534898.1),  Chondrus crispus  (XM_005718442.1), 

 Pyropia haitanensis  (KF715271.1), and  Galdieria sul-
phuraria  (XM_005707399.1) for cloning  hsp70-2 ,  Gracilar-
iopsis lemaneiformis  (KR534899.1),  Gracilaria salicornia  
(NC_023785.1),  Gracilaria tenuistipitata  (NC_006137.1), 

and  Gelidium elegans  (NC_029858.1) for cloning  hsp70-3 . 
 The degenerate primers for cloning the partial cDNA 

fragment of  hsp90  from  A. vermiculophyllum  were designed 

following the same procedure for  hsp70  cloning. The three 

complete CDSs of  hsp90  gene used were  Chondrus crispus  
(XM_005715072.1),  Pyropia yezoensis  (GU301885.1), and 

 Pyropia haitanensis  (KF732652.1). 

 All the designed degenerate primers mentioned above are 

shown in Table  2 . Nest PCR was utilized to enhance the 

specifi city of the products.  

 The PCR for each reaction was performed with 20 μl 

of a mixture containing 2 μl of 10 × buff er, 2.0 mmol/L 

 MgCl 2 , 0.25 mmol/L of each dNTP, 0.25 U of TaqDNA 

polymerase (TaKaRa, Japan) and 1 μmol/L of each primer. 
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PCR products as the templates for next round of Nest PCR 

reaction needed to be diluted 50-fold. The fi nal PCR prod-

ucts were purifi ed and inserted into the pMD18-T vector 

(TaKaRa, Japan) which was used to transform  Escherichia 
coli  DH5α competent cells. Products were then sequenced 

by Shanghai Invitrogen. 

     3′ and 5′ RACE for Hsp genes 

 Nest PCR was applied in the 3′ and 5′ RACE to obtain the 

whole CDS sequences of Hsp genes. The fi rst strands of 

cDNA obtained with SMARTer RACE 5′/3′ Kit (Clontech, 

USA) was used as the template for RACE. The 3′ CDS 

primer and 5′ CDS primers contained in the kit and the 

designed GSPs (gene specifi c primers) are listed in Table  3 . 

The PCR reaction process was used following the manufac-

turer’s instructions.  

 The phylogenetic tree based on the results of multiple 

alignments of amino acid sequences among the deduced 

Hsp70 with other related proteins were constructed using 

MEGA 5.22. 

    Real-time PCR analysis of the four hsp genes 
in diff erent phases 

 Real-time PCR analysis of the mRNA relative transcription 

levels were performed using RealMaster Mix (SYBR Green) 

(TIANGEN, China) and an ABI 7500 Fast real-time PCR plat-

form. The real-time PCR amplifi cation profi le was 95 °C for 

30 s and then 40 cycles of 95 °C for 5 s, 54 °C for 20 s, and 

72 °C for 30 s using the designed primers listed in Table  4 . 

After amplifi cation, the melting curve was generated with a 

ramp speed of 0.5 °C every cycle from 60 to 95 °C by heat-

ing 30 s each cycle. For each gene, a standard amplifi cation 

curve was constructed with fi ve serial dilution points (in steps 

of tenfold) of cDNA. All reactions were carried out in three 

technical replicates and each group also had three replicates 

using diff erent individual plants. The data were collected at the 

end of each extension step. The relative transcriptions of genes 

  Table 2       Degenerate primers 

designed for cloning the partial 

cDNA fragments of Hsp genes 

from  A. vermiculophyllum    

  Name of the primers    Primer sequences (5′–3′)  

   hsp70-1  sense 1    CTA CTC DTGYGTSGGY RTG G  

   hsp70-1  sense 2    GTSCCSGCC TAC TTY AAY GACTC   

   hsp70-1  sense 3    GCT GGT GAY ACT CAYYTKGGDGG  

   hsp70-1  antisense 3    GTCATVACSRCA CCR GCVGTCTC   

   hsp70-1  antisense 2    TGG TTG TCRGMGTAVGTVGAR AAG A  

   hsp70-1  antisense 1    CCT CYT CCT CAG CCT TGW AYT TCT C  

   hsp70-2  sense 1    CGC CAG GCBACW AAG GAYGC   

   hsp70-2  sense 2    GGW GGW GAR GAC TTT GAC CAGCG   

   hsp70-2  sense 3    CTC ATT GGC GAC GCC GCA AAG AAC   

   hsp70-2  antisense 3    GAT CTT GSTCATSACACCBCCAACMGT  

   hsp70-2  antisense 2    CCC TTG TCA TTG GTG RTA GTG ATG RTG   

   hsp70-2  antisense 1    ATKCCA YTG AGR TCR AAYTTSCCG   

   hsp70-3  sense 1    GAC AAG CWG TAA TKAAT CCR GAA AAT AC  

   hsp70-3  sense 2    GCT CCT GAR GAA ATT TCT GCWCA   

   hsp70-3  antisense 2    ATR CCA TCY AAT CTA AAA GTNCCR AAA C  

   hsp70-3  antisense 1    GTA ATW GATTGKTCT TTA CCW GTT CCT TTA TC  

   hsp90  sense 1    GAC ACC AAG GTC GAA GAC ATCNCTG AGG ATGA   

   hsp90  sense 2    CAG CTC GAA TTC AAGGCSATCAT   

   hsp90  sense 3    GGG TGT TGT CGA CTC TGA GGAT   

   hsp90  antisense 3    TCC AGT RAT GTA GTA RAT GTT CTT CTG   

   hsp90  antisense 2    GCC TGC GCC TTC ATG ATR CGY TCC ATGT   

   hsp90  antisense 1    ACTTCMTCC ATG TTR GAG GCA GCR G  
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for each treatment group were analyzed by the  2 −ΔΔCt  method 

(Livak and Schmittgen  2001 ). The housekeeping gene  CoI  
(cytochrome oxidase) was used as the internal reference genes.  
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  Table 3       Primers used in the 3′ and 5′ RACE for whole CDS sequences of Hsp genes  

  Function    Name of the primers    Primer sequences (5′–3′)  

  3′ RACE  

   Antisense    3′ CDS primer    AAG CAG TGG TAT CAA CGC AGA GTA CTT TTT TTT TTT TTTTTVN  

   Sense     hsp70-1  3′ GSP 1    CTT CTA CTC ATC CGT CAC TCG TGC CAA   

     hsp70-1  3′ GSP 2    GAA CAT CAA CCC GGA CGA GGC TGT G  

     hsp70-1  3′ GSP 3    GCC TCG TCC GGG TTG ATG TTC TTG C  

     hsp70-2  3′ GSP 1    TGA TGA AGC TCT TCA AGC GCA AGT ACGGC   

     hsp70-2  3′ GSP 2    CGA GGT TGT GCT AGT CGG CGG TTC   

     hsp70-2  3′ GSP 3    GAC ATG TCG GCG TCC TTG AGA ACC TTCT   

     hsp70-3  3′ GSP 1    TAT TAC TTC TAC CGA TAC AGG CCC CAA   

     hsp70-3  3′ GSP 2    GTG TTA ATC CTG ATG AAG TAG TTG CAATT   

     hsp70-3  3′ GSP 3    CAG GGA GAA AGA GAG TTT ACT AAA GACA   

     hsp90  3′ GSP 1    CAG CCG TGA GAT GCT CCA GCA GAA TAAGA   

     hsp90  3′ GSP 2    CGT ATG AAG GAG GGT CAG AAG AAC ATC TAC TAC   

     hsp90  3′ GSP 3    GCG CGA AGA GGA GAA GAA GGC TTG TG  

  5′ RACE  

   Sense    5′ CDS primer a    TAA TAC GAC TCA CTA TAG GGC AAG CAG TGG TAT CAA CGC AGA GT  

    5′ CDS primer b    CTA ATA CGA CTC ACT ATA GGGC   

   Antisense     hsp70-1  5′ GSP 1    CAA TGG TGA GGA GGG AGA CAT CGA AAG TTC   

     hsp70-1  5′ GSP 2    TCT CCC TCC TCA CCA TTG AAG ACG GTAT   

     hsp70-1  5′ GSP 3    CTT CTA CTC ATC CGT CAC TCG TGC CAA   

     hsp70-2  5′ GSP 1    GAC AGC GTT CTT GAC TTC CTT GCC GAG   

     hsp70-2  5′ GSP 2    GGA GTA CCT CGG CAA GGA AGT CAA GAAC   

     hsp70-2  5′ GSP 3    TGA TGA AGC TCT TCA AGC GCA AGT ACGGC   

     hsp70-3  5′ GSP 1    CCA TAT GAT AAA GAT GCT GCT GTT GGTTC   

     hsp70-3  5′ GSP 2    TGA ACC AAC AGC AGC ATC TTT ATC ATA TGG   

     hsp70-3  5′ GSP 3    TAT TAC TTC TAC AGA TAC AGG CCC TAA ACA   

     hsp90  5′ GSP 1    CCT CCT CAG TGT CCT CCA ACT CCA TAC   

     hsp90  5′ GSP 2    CTG GTC AGC TCA TCA GTG CTC TTA GTGG   

     hsp90  5′ GSP 3    GGC AAA TCC TCA GAG TCG ACA ACA CCC   

  Table 4       Primer sequences of candidate internal control genes and  hsp  
genes  

  Gene    Primer sequence (5′–3′) (sense/antisense)  

   hsp70-1     CTT CTA CTC ATC CGT CAC TCG TGC CAA   

    TCT CCC TCC TCA CCA TTG AAG ACG GTAT   

   hsp70-2     CGA GGT TGT GCT AGT CGG CGG TTC   

    GAC AGC GTT CTT GAC TTC CTT GCC GAG   

   hsp70-3     TAT TAC TTC TAC AGA TAC AGG CCC TAA ACA   

    TGA ACC AAC AGC AGC ATC TTT ATC ATA TGG   

   hsp90     TGC TGG AGC ATC TCA CGG   

    CAG CTC GAA TTC AAG GCC AT  

   Rbc-L     AGT AAC TCC TGT TGC TTC   

    GTA GAG GAC CAC ATG TTT   

   CoI     CTC GAT CCA AAG CCATT   

    CAG CCA ACA GTA ACA GAA AA  
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