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Figure 1. Gene structure of HSP90 genes in A. littoralis and A. thaliana. Green and blue boxes indicate the exon and
upstream/downstream UTR regions, respectively, while dashed lines indicate introns. The lengths of the boxes and
dashed lines were scaled based on the length of the genes.
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1- HSP 90-alpha A4
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3- Homeobox protein PKNOX1
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Figure 3. Motif logos of HSP90 sequences in A. littoralis and A. thaliana. The height of the residue shows the relative
frequency of each residue at that position.
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Figure 4. Phylogenetic relationships of HSP90 family members from six plant species. Multiple alignment of HSP90
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distachyon (Bd
yon{ foining method using

it SO 4 Fel p pegata (Sjden
o3l L (L8 Slidod oyl 0gMe (V) W)y S )lie
P Egie 2550wl slaeuslSe dayi pl &S cwl
(YVF) 26,035 o iuled 4 ciliseo (gla i 4y gy
Owed 93 by b AIHSP90.4 5« owyp opl 5o
U Mg 53 Jobo (2bolSe (ulal &5 HSPIO
adyy S8l ik 5 ped A ks il
sdalin b (FF) oh)Ken o I3 ol ol 1) by oy
9 Bradi3g39620 b e wlB¥ L,
48" Wdged lgie (g ieml LS 4 Fwly yo Bradisg02307
b el (S smsMlgis HSPIO 5 93 0l ol oI5
Cudiml 0F Ol & (e mgigy SL)yeSE (Ll
3ply e o S e I 1y 5 & oo
ol awsh oS )lie (giewl IS5 4 Fwl > ABA
15 55 OSHSP90-4 5 OSHSPI0-2 (el cl yogMle
il LS g Lop (S5 (5y98 Sl L apalye
Sb cdllas oy opl @b b as (YY) Lol ol ol
i g Joho LbolSe elel p adlae pl 5
J awdlonsl 4S5 55 AIHSP90.3 o (Lo
g alie AHSPI0.7 | 15 ol LolS5 mjss il o

b 05 5 598 55 & ol 32 0 o) S 55

was performed using Clustal W, and a phylogenetic tree was constructed using by the Neighbor-
EGA 6.0. Bootstrap values are shown on selected branches.
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Figure 5. Heat map representation and hierarchical clustering of A. littoralis HSP90 genes in leaf and root tissues
under salinity stress and recovery conditions

F*)
. Agarwal, G., V. Garg, H. Kudapa, D. Doddamani, L.T. Pazhamala, A.W. Khan, M. Thudi, S.H. Lee
and R.K. Varshney. 2016. Genome-wide dissection of AP2/ERF and HSP90 gene families in five

legumes and expression profiles in chickpea and pigeonpea. Plant biotechnology journal, 14(7): 1563-
1577.

. Bailey, T.L., M. Boden, F.A. Buske, M. Frith, C.E. Grant, L. Clementi, J. Ren, W.W. Li and W.S.
Noble. 2009. MEME SUITE: tools for motif discovery and searching. Nucleic acids research, 37: 202-
208.

. Dutta, R. and M. Inouye. 2000. GHKL, an emergent ATPase/kinase superfamily. Trends in
biochemical sciences, 25(1): 24-28.

. Faraji, S., H. Najafi-Zarrini, S. Hashemi-Petroudi and G. Ranjbar. 2017. AIGLYI gene implicated in
salt stress response from halophyte Aeluropus littoralis. Russian Journal of Plant Physiology, 64(6):
850-860.

. Felsenstein, J. 1985. Confidence limits on phylogenies: an approach using the bootstrap. Evolution,
39(4): 783-791.

. Finn, R.D., P. Coggill, R.Y. Eberhardt, S.R. Eddy, J. Mistry, A.L. Mitchell, S.C. Potter, M. Punta, M.
Qureshi and A. Sangrador-Vegas. 2015. The Pfam protein families database: towards a more
sustainable future. Nucleic Acids Research, 44: 279-285.



VY WWAA 50l /¥ oyleds /el Jlo /ey lalS oMol dolicags

7. Gasteiger, E., C. Hoogland, A. Gattiker, M.R. Wilkins, R.D. Appel and A. Bairoch. 2005. Protein
identification and analysis tools on the EXPASy server. In: Walker, J.M. (eds.) The proteomics
protocols handbook. 571-607 pp., Humana Press, New York City, New York, United States.

8. Ghorbani, H., H. Samizadeh Lahiji and G.A. Nematzadeh. 2019. In Silico Characterization of Proteins
Containing ARID-PHD Domain and Its Expression in Aeluropus littoralis Halophyte. Journal of Crop
Breeding, 11(29): 143-152.

9. Ghorbani, H.R., H. Samizadeh Lahiji and G.A. Nematzadeh. 2017. Expression pattern analysis of
transcription factors from Aeluropus littoralis in response to salt stress and recovery condition. Journal
of Plant Molecular Breeding, 5(1): 19-30.

10. Grigorova, B., I. Vaseva, K. Demirevska and U. Feller. 2011. Combined drought and heat stress in
wheat: changes in some heat shock proteins. Biologia Plantarum, 55(1): 105-111.

11. Hainzl, O., M.C. Lapina, J. Buchner and K. Richter. 2009. The charged linker region is an important
regulator of Hsp90 function. Journal of Biological Chemistry, 284: 22559-22567.

12. Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program
for Windows 95/98/NT. Nucleic Acids Symposium Series, 41: 95-98.

13. Hao, P., J. Zhu, A. Gu, D. Lv, P. Ge, G. Chen, X. Li and Y. Yan. 2015. An integrative proteome
analysis of different seedling organs in tolerant and sensitive wheat cultivars under drought stress and
recovery. Proteomics, 15(9): 1544-1563.

14. Hashemi-Petroudi, S.H., H. Ghorbani and M. Kuhlmann. 2018. Isolation Phosphoglycerate
Dehydrogenase gene from Aeluropus littoralis halophyte plant and functional analysis of T-DNA
mutant in Arabidopsis thaliana. Crop bitechnology, 8(23): 79-92.

15. Hashemi-Petroudi, S.H., G.A. Nematzadeh, H. Askari and S. Ghahary. 2014. Involvement of Cytosine
DNA methylation in different developmental stages of Aeluropus littoralis. Journal of Plant Molecular
Breeding, 2(2): 56-67.

16. Hashemi-Petroudi, S.H., G.A. Nematzadeh, H. Askari and Y. Ghasemi. 2012. Pattern of DNA
cytosine methylation in Aeluropus littoralis during temperature stress. Journal of Plant Molecular
Breeding, 1(1): 16-24.

17. Hashemi-Petroudi, S.H., G.A. Nematzadeh and M. Kuhlmann. 2019. Identification and analysis of a
DEVIL paralog gene cluster in Aeluropus littoralis by comparative genomic approach Crop
bitechnology, 9(25): 79-92.

18. Hashemipetroudi, S., G. Nematzadeh, G. Ahmadian, A. Yamchi and M. Kuhlmann. 2016. Expression
analysis of salt stress related expressed sequence tags (ESTs) from Aeluropus littoralis by quantitative
real-time PCR. Bioscience Biotechnology Research Communications, 9(3): 445-456.

19. Horton, P., K.J. Park, T. Obayashi, N. Fujita, H. Harada, C. Adams-Collier and K. Nakai. 2007.
WoLF PSORT: protein localization predictor. Nucleic acids research, 35: 585-587.

20. Jackson, S.E., C. Queitsch and D. Toft. 2004. Hsp90: from structure to phenotype. Nature Structural
& Molecular Biology, 11: 1152-1155.

21.Jones, P., D. Binns, H.Y. Chang, M. Fraser, W. Li, C. McAnulla, H. McWilliam, J. Maslen, A.
Mitchell and G. Nuka. 2014. InterProScan 5: genome-scale protein function classification.
Bioinformatics, 30(9): 1236-1240.

22.Kaleybar Shahin, B., G. Nematzadeh, S.H.R. Hashemi, H. Askari and S. Kabirnataj. 2013.
Physiological and Genetic Responses of Halophyte Aeluropus Littoralis to Salinity. Journal of Crop
Breeding, 5(12): 15-29.

23.Klein, E.M., L. Mascheroni, A. Pompa, L. Ragni, T. Weimar, K.S. Lilley, P. Dupree and A. Vitale.
2006. Plant endoplasmin supports the protein secretory pathway and has a role in proliferating tissues.
The Plant Journal, 48(5): 657-673.

24. Krishna, P. and G. Gloor. 2001. The Hsp90 family of proteins in Arabidopsis thaliana. Cell stress &
chaperones, 6(3): 238-246.

25. Krystkowiak, 1., J. Manguy and N.E. Davey. 2018. PSSMSearch: a server for modeling, visualization,
proteome-wide discovery and annotation of protein motif specificity determinants. Nucleic acids
research, 46: 235-241.

26.Lv, D.W., S. Subburaj, M. Cao, X. Yan, X. Li, R. Appels, D.F. Sun, W. Ma and Y.M. Yan. 2014.
Proteome and phosphoproteome characterization reveals new response and defense mechanisms of
Brachypodium distachyon leaves under salt stress. Molecular & Cellular Proteomics, 13(2): 632-652.

27.Marcu, M.G., M. Doyle, A. Bertolotti, D. Ron, L. Hendershot and L. Neckers. 2002. Heat shock
protein 90 modulates the unfolded protein response by stabilizing IRE1a. Molecular and cellular
biology, 22(24): 8506-8513.

28. Metsalu, T. and J. Vilo. 2015. ClustVis: a web tool for visualizing clustering of multivariate data
using Principal Component Analysis and heatmap. Nucleic acids research, 43: 566-570.



WY s osgagll oS )5 HSPIO (35 ol ol (o551 5IUT g (o35 0328 (g2

29. Moore, R.C. and M.D. Purugganan. 2003. The early stages of duplicate gene evolution. Proceedings
of the National Academy of Sciences, 100(26): 15682-15687.

30. Pearl, L.H. and C. Prodromou. 2000. Structure and in vivo function of Hsp90. Current opinion in
structural biology, 10(1): 46-51.

31.Picard, D. 2002. Heat-shock protein 90, a chaperone for folding and regulation. Cellular and
Molecular Life Sciences CMLS, 59(10): 1640-1648.

32.Riggs, D.L., M.B. Cox, J. Cheung-Flynn, V. Prapapanich, P.E. Carrigan and D.F. Smith. 2004.
Functional specificity of co-chaperone interactions with Hsp90 client proteins. Critical reviews in
biochemistry and molecular biology, 39(5-6): 279-295.

33. Sangster, T.A., A. Bahrami, A. Wilczek, E. Watanabe, K. Schellenberg, C. McLellan, A. Kelley, S.W.
Kong, C. Queitsch and S. Lindquist. 2007. Phenotypic diversity and altered environmental plasticity
in Arabidopsis thaliana with reduced Hsp90 levels. PloS one, 2(7): e648.

34. Sangster, T.A. and C. Queitsch. 2005. The HSP90 chaperone complex, an emerging force in plant

development and phenotypic plasticity. Current opinion in plant biology, 8(1): 86-92.

35. Shinozaki, F., M. Minami, T. Chiba, M. Suzuki, K. Yoshimatsu, Y. Ichikawa, K. Terasawa, Y. Emori,
K. Matsumoto and T. Kurosaki. 2006. Depletion of Hsp90p induces multiple defects in B cell receptor
signaling. Journal of Biological Chemistry, 281(24): 16361-16369.

36.Song, H., R. Zhao, P. Fan, X. Wang, X. Chen and Y. Li. 2009. Overexpression of AtHsp90. 2,
AtHsp90. 5 and AtHsp90. 7 in Arabidopsis thaliana enhances plant sensitivity to salt and drought
stresses. Planta, 229(4): 955-964.

37.Tamura, K., G. Stecher, D. Peterson, A. Filipski and S. Kumar. 2013. MEGAG6: molecular

evolutionary genetics analysis version 6.0. Molecular biology and evolution, 30(12): 2725-2729.
38. Thompson, J.D., T.J. Gibson and D.G. Higgins. 2003. Multiple sequence alignment using ClustalW

and ClustalX. Current protocols in bioinformatics, 1: 2-3.

39. Wang, W., B. Vinocur, O. Shoseyov and A. Altman. 2004. Role of plant heat-shock proteins and
molecular chaperones in the abiotic stress response. Trends in plant science, 9(5): 244-252.

40. Xu, Z.S., Z.Y. Li, Y. Chen, M. Chen, L.C. Li and Y.Z. Ma. 2012. Heat shock protein 90 in plants:
molecular mechanisms and roles in stress responses. International journal of molecular sciences,
13(12): 15706-15723.

41.Zhang, J., J. Li, B. Liu, L. Zhang, J. Chen and M. Lu. 2013. Genome-wide analysis of the Populus
Hsp90 gene family reveals differential expression patterns, localization, and heat stress responses.
BMC genomics, 14(1): 532.

42.Zhang, L., Y. Fan, F. Shi, S. Qin and B. Liu. 2012. Molecular cloning, characterization, and
expression analysis of a cytosolic HSP90 gene from Haematococcus pluvialis. Journal of applied
phycology, 24(6): 1601-1612.

43.Zhang, M., C.Y. Ma, D.W. Lv, S.M. Zhen, X.H. Li and Y.M. Yan. 2014. Comparative
phosphoproteome analysis of the developing grains in bread wheat (Triticum aestivum L.) under well-
watered and water-deficit conditions. Journal of proteome research, 13(10): 4281-4297.

44. Zhang, M., Z. Shen, G. Meng, Y. Luand Y. Wang. 2017. Genome-wide analysis of the Brachypodium
distachyon (L.) P. Beauv. Hsp90 gene family reveals molecular evolution and expression profiling
under drought and salt stresses. PloS one, 12(12): e0189187.

45.Zhang, S., X. Xia, J. Shen, Y. Zhou and Z. Sun. 2008. DBMLoc: a Database of proteins with multiple
subcellular localizations. BMC bioinformatics, 9(1): 127.

46. Zuehlke, A. and J.L. Johnson. 2010. Hsp90 and co-chaperones twist the functions of diverse client
proteins. Biopolymers: Original Research on Biomolecules, 93(3): 211-217.



Journal of Crop Breeding Vol. 11, NO 31, AUTUMN 2019 ..... ..ottt e e eee e e e eneneenenevaeeeeeenenne 143

Analysis of Expression Pattern of Genome and Analysis of HSP90 Gene Family in
Aeluropus littoralis under Salinity Stress

Seyyed Hamidreza Hashemi-Petroudi', Ghorbanali Nematzadeh?, Samira Mohammadi®
and Markus Kuhlmann*

1- Assistant Professor, Department of Genetic Engineering and Biology, Genetics and Agricultural Biotechnology
Institute of Tabarestan (GABIT), Sari Agricultural Sciences and Natural Resources University (SANRU)
(Corresponding author: shr.hashemi@sanru.ac.ir)

2- Professor, of Genetic Engineering and Biology, Genetics and Agricultural Biotechnology Institute of Tabarestan
(GABIT), Sari Agricultural Sciences and Natural Resources University (SANRU)

3- PhD candidate in Plant Breeding, Sari Agricultural Sciences and Natural Resources University (SANRU)

4- RG Abiotic Stress Genomics/ RG Heterosis, Department Molecular Genetics, Leibniz Institute of Plant Genetics
and Crop Plant Research (IPK). Germany
Received: February 12, 2019 Accepted: August 6, 2019

Abstract

HSP90 protein is an ATP-dependent molecular chaperone that is evolutionarily conserved in
bacteria to higher eukaryotes. In plants, HSP90s are required for control of normal plant growth
and development, as well as immune responses to environmental stimuli. Although there are
several studies explaining the physiological role of HSP90s in plants, our understanding of their
stress response molecular mechanisms, their roles as molecular chaperones, and their molecular
interactions with other clients and co-chaperones are still unclear. Therefore the present study
aimed to perform a comprehensive analysis of the HSP90 gene family in halophyte plant
Aeluropus littoralis. Subcellular localization analysis showed that four identified AIHSP90 gene
were localized in different subcellular compartments. Based on different bioinformatics tools,
45 HSP90 homologus genes were identifed from Arabidopsis, rice, maize, soybeen and
Brachypodium distachyon species. 49 genes of HSP90 were phylogenetically clustered into
three major groups. Gene structure and motif composition revealed that these genes were
relatively conservative in each group, suggesting that members of the same group may also have
conserved functions. Based on RNA-seq data, AIHSP90.4 gene localized in cytoplasm with
expression levels of 1.3 was expressed more in root tissue under salinity stress and recovery.
The least expression level was observed in AIHSP90.3 gene localized in ER in root tissue under
salinity stress and recovery. The findings of this study reveal the functional characteristics of the
AIHSP90 genes and provide basic information for future research on the their biological
functions.

Keywords: Aeluropus littoralis, Expression Analysis, Heat Shock Protein, HSP90,
Phylogenetic Analysis
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