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Extended Abstract

Background: Camelina (Camelina sativa) is one of the oldest plants from the Brassicaceae
family, commonly known by the names “false flax” or “wild flax”. Camelina is a valuable and
high-quality plant-based oil source with great potential for use in various industries to produce
beneficial products. As with other plant species, Camelina encounters numerous environmental
and non-environmental stresses during its vegetative growth stage. Investigating gene regulatory
patterns and gene networks related to signaling and stress responses can help better understand
the mechanisms of stress tolerance in this plant. One of the transcription factor families that
contributes to appropriate responses to environmental stresses is the Heat Shock Factors (HSFs).
In general, the accumulation of HSPs is essential for the survival of cells exposed to various
environmental stresses. However, bioinformatics information regarding HSF genes in Camelina
has not been reported yet. Therefore, the present study aimed to identify and analyze the gene
structures, motifs, and domain conservation, as well as the three-dimensional structures of HSF
proteins, in Camelina.

Methods: To identify and analyze the HSF gene family in C. sativa, genomic and protein
sequence resources were obtained from the NCBI database. Initially, a tBLASTN analysis was
performed using HSF protein sequences from the model plant Arabidopsis as input against the
Camelina genome. After removing redundant sequences, the presence of specific domains was
confirmed using the InterProScan tools. Domain searches were also conducted using HMMER
v3.0 based on the HSF HMM profile obtained from Pfam database (PF00447) against the C. sativa
proteome. Duplicate records were merged, and incomplete sequences were excluded. To
accurately identify authentic members of the HSF gene family in C. sativa, a phylogenetic
analysis was conducted using Arabidopsis thaliana HSF sequences as references. This analysis
effectively distinguished true HSF proteins from those that merely contain the HSF-type winged-
helix DNA-binding domain, ensuring the precise classification of HSF family members. The gene
structure and physicochemical properties were analyzed using TBtools and ProtParam, while
conserved motifs and subcellular localization were identified using MEME and WoLF PSORT,
respectively. Phylogenetic analysis was conducted using MEGA 12.0, employing the maximum-
likelihood method with bootstrap testing. 3D structures were predicted via Phyre2.0, and protein—
protein interactions were analyzed using the STRING database.

Results: Based on the HMM model using the HMMER tool, a total of 137 isoforms of protein
sequences containing HSF domains (PF00447) were identified in C. sativa. In total, 96 gene loci
were determined after removing redundant isoforms. Ultimately, through phylogenetic analysis
of these sequences alongside 21 HSF family proteins from A. thaliana, 64 protein sequences were
confirmed as members of the HSF gene family in Camelina. Structural and physicochemical
analysis revealed that the length of these proteins in Camelina ranged from 146 to 496 amino
acids, with predicted molecular weights between 17.1 kDa and 55.2 kDa. The isoelectric points
varied from 4.7 to 10.2, and the aliphatic index ranged from 58.28 to 76.54. An instability index
above 40 was observed in 83% of the sequences, suggesting that these proteins may have lower
stability under laboratory or intracellular conditions and are likely to degrade more rapidly.
Furthermore, the negative GRAVY values for all CsHSF proteins indicate their hydrophilic
nature. According to the subcellular localization analysis of CsHSF proteins, their predominant
presence is in the nucleus, followed by the cytoplasm. Based on the results of the phylogenetic
tree, SCHSF proteins were classified into three distinct major groups. Gene structure analysis of
these groups based on the presence or absence of introns showed that, except for six intronless
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genes, the remaining HSF genes contained introns with more than one phase. The variation in the
intron number and phase in some Camelina HSF genes may be due to intron loss or gain during
evolution, which likely contributes to the functional diversification of these proteins. Analysis of
the relationship between the phylogenetic grouping of HSF proteins and exon number revealed
that all groups exhibited a similar distribution in terms of exon count. While protein length and
molecular weight varied significantly across groups, the majority of proteins in all groups
contained only two or three exons. A total of 15 conserved motifs, ranging from 8 to 50 amino
acids in length, were identified across all these proteins. Secondary structure analysis showed that
group I proteins predominantly featured regular and continuous alpha-helices. Group II proteins
exhibited more diverse secondary structures, including more prominent beta-sheets, extended
coils, and a higher proportion of disordered regions. Proteins in group III displayed a combination
of structural features from both groups I and II. Furthermore, interaction analysis indicated
coordinated behavior among these proteins in response to various environmental conditions.
Conclusion: Bioinformatic identification and analysis of the HSF gene family in C. sativa led to
the discovery of 64 members with diverse structural and functional characteristics. The relatively
high number of family members compared to other species is likely associated with Camelina’s
allohexaploid nature, consisting of three distinct genomes. Gene structure analysis revealed the
presence of conserved DBD and HR-A/B motifs in all members, indicating their central role in
responding to environmental stress. Given Camelina’s significance as a stress-tolerant oilseed
crop, identifying these genes can pave the way for breeding programs aimed at developing
cultivars with enhanced tolerance to environmental stresses.
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Figure 1. The phylogenetic tree of 96 domains (HSFs) containing the HSF domain (PFAM code: PF00447) in the
allohexaploid plant C. sative (CsHSF) and 21 proteins of the Arabidopsis thaliana HSF family (AtHSF). The
phylogenetic tree was constructed using MEGA 12.0 software, based on the full-length amino acid sequences of HSF
proteins, based the Maximum-Likelihood (ML) method with 1,000 bootstrap replicates. The distinct HSF family was
grouped into the red cluster.
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Table 1. Characteristics and accession numbers of 64 protein sequences of the HSF gene family in C. sativa.

Sequence ID Locus ID mRNA ID Protein ID Length Chr Exon count
CsHSFAla.l LOC104769970 XM 019234213.1 XP 019089758.1 1455 20 4
CsHSFAla.2 LOC104793084 XM 010436321.1 XP 010434623.1 441 6 2
CsHSFAla.3 LOC104715472 XM 010441646.2 XP 010439948.1 693 9 2
CsHSFAlb.1 LOC104728202 XM 010455554.2 XP 010453856.1 384 11 2
CsHSFA1b.2 LOC104701663 XM 010422084.1 XP 010420386.1 402 1 3
CsHSFAI1b.3 LOC104742226 XM 010494310.2 XP 010492612.1 1086 14 2
CsHSFAlc.1 LOC104733535 XM 010480354.2 XP 010478656.1 1341 12 2
CsHSFAlc.2 LOC104725927 XM 010462749.2 XP 010461051.1 1056 11 2
CsHSFAlc.3 LOC104747002 XM 010501475.2 XP 0104997771 999 15 2
CsHSFAIld.1 LOC104735365 XM 010487329.2 XP 010485631.1 627 13 5
CsHSFA1d.2 LOC104729459 XM 010465435.2 XP 010463737.1 870 12 2
CsHSFA1d.3 LOC104750627 XM 010506362.2 XP 010504664.1 1125 16 2
CsHSFA2a.1 LOC104756193 XM 010431332.2 XP 010429634.1 453 2 1
CsHSFA2a.2 LOC104789585 XM 010419094.2 XP 010417396.1 1020 1 3
CsHSFA2a.3 LOC104731690 XM 010474339.2 XP 010472641.1 1176 12 4
CsHSFA3a.l LOC104766383 XM 019228997.1 XP 019084542.1 1014 19 3
CsHSFA3a.2 LOC104741830 XM 010492562.2 XP 010490864.1 1491 14 3
CsHSFA3a.3 LOC104772350 XM 019234439.1 XP 019089984.1 405 20 1
CsHSFA4a.1 LOC104715324 XM 010441495.2 XP 010439797.1 405 9 1
CsHSFA4a.2 LOC104788675 XM 010436184.2 XP 010434486.1 882 5 3
CsHSFA4a.3 LOC104721613 XM 010451152.2 XP 010449454.1 675 11 2
CsHSFA4b.1 LOC104711738 XM 010443374.2 XP 010441676.1 831 9 2
CsHSFA4b.2 LOC104732306 XM 010483236.1 XP 010481538.1 1413 12 3
CsHSFA4b.3 LOC104744385 XM 010496392.1 XP 010494694.1 1416 15 3
CsHSFAS5a.1 LOC104723082 XM 010451840.2 XP 010450142.1 411 11 1
CsHSFAS5a.2 LOC104699542 XM 010436905.2 XP 010435207.1 885 7 3
CsHSFAS5a.3 LOC104723078 XM 010451819.1 XP 010450121.1 504 11 3
CsHSFAG6a LOC104718351 XM 010447577.2 XP 010445879.1 381 10 2
CsHSFAG6b.1 LOC104733175 XM 010468274.2 XP 010466576.1 588 12 4
CsHSFAG6b.2 LOC104735719 XM 010490017.2 XP 010488319.1 1455 13 3
CsHSFAG6b.3 LOC104752248 XM 010513451.2 XP 010511753.1 1050 16 3
CsHSFA7a.1 LOC104761432 XM 010517328.2 XP 010515630.1 1056 18 2
CsHSFA7a.2 LOC104753860 XM 010428470.2 XP 010426772.1 993 2 2
CsHSFA7a.3 LOC104748983 XM 010505598.2 XP 010503900.1 882 16 3
CsHSFA7b.1 LOC104781611 XM 010414855.2 XP 010413157.1 1416 1 4
CsHSFAT7b.2 LOC104731596 XM 010470554.2 XP 010468856.1 381 12 2
CsHSFA7b.3 LOC104758004 XM 010514450.2 XP 0105127521 1074 17 2
CsHSFASa.l LOC104766182 XM 019227694.1 XP 019083239.1 1227 19 2
CsHSFAR8a.2 LOC104731597 XM 010472451.1 XP 010470753.1 510 12 1
CsHSFA9a.1 LOC104718434 XM 010448066.2 XP 010446368.1 1176 10 5
CsHSFA9a.2 LOC104734394 XM 010484511.2 XP 010482813.1 1335 13 3
CsHSFA9a.3 LOC104713426 XM 010444678.2 XP 010442980.1 405 9 1
CsHSFA9a.4 LOC104771806 XM 019235968.1 XP 019091513.1 1032 20 5
CsHSFBla.1 LOC104704728 XM 010438958.1 XP 010437260.1 1122 7 3
CsHSFBla.2 LOC104718438 XM 010448396.1 XP 010446698.1 567 10 2
CsHSFBla.3 LOC104701524 XM 010438959.1 XP 010437261.1 696 7 2
CsHSFBla.4 LOC104777629 XM 010433788.1 XP 010432090.1 1086 3 2
CsHSFB2a.1 LOC104728615 XM 010459760.2 XP 010458062.1 828 11 2
CsHSFB2a.2 LOC104714080 XM 010445736.2 XP 010444038.1 1050 9 3
CsHSFB2a.3 LOC104735299 XM 010485593.2 XP 010483895.1 375 13 2
CsHSFB2b.1 LOC104718514 XM 010423820.2 XP 010422122.1 1128 2 2
CsHSFB2b.2 LOC104793083 XM 010436278.2 XP 010434580.1 756 6 2
CsHSFB2b.3 LOC104724827 XM 010457280.2 XP 010455582.1 1110 11 3
CsHSFB3a.1 LOC104753895 XM 010510387.2 XP 010508689.1 405 16 1
CsHSFB3a.2 LOC104763923 XM 010519361.2 XP 010517663.2 1401 19 2
CsHSFB3a.3 LOC104762324 XM 010519360.1 XP 010517662.1 963 18 2
CsHSFB3a.4 LOC104750710 XM 010507653.2 XP 010505955.1 846 16 3
CsHSFB4a.1 LOC104726792 XM 010463203.2 XP 010461505.1 951 11 2
CsHSFB4a.2 LOC104732282 XM 010480803.2 XP 010479105.1 1416 12 3
CsHSFB4a.3 LOC104747816 XM 010501909.2 XP 010500211.1 948 15 4
CsHSFCla.l LOC104768556 XM 019229880.1 XP 019085425.1 1257 20 3
CsHSFCla.2 LOC104760336 XM 010515257.2 XP 010513559.1 1050 18 3
CsHSFCla.3 LOC104737167 XM 010490261.2 XP 010488563.1 1128 13 2
CsHSFCla.4 LOC104730056 XM 010468566.2 XP 010466868.1 693 12 3
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Figure 2. Chromosome locations of 64 HSF gene families in Camelina sativa
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Table 2. Physicochemical Properties of HSF Proteins in Camelina sativa. The amino acid number, molecular weight,

isoelectric point, instability index, aliphatic index, and average hydropathicity of total proteins were estimated
using the Expasy-ProtParam tool.

Ew Sl jasls &bl asls S Syl alais sdse 039 oen Jsb o5 el
8 Shyyre Aliphatic index Instability index Isoelectric point Molecular weight Protein length (aa)  Gene name
GRAVY (kDa)
-0.636 70.61 60.66 5.2 49.8 446 CsHSFATa.1
-0.617 73.56 62.58 5.2 49.9 444 CsHSFAla.2
-0.618 73.98 62.18 5.14 49.5 440 CsHSFAla.3
-0.675 68.6 52.77 4.81 53.5 484 CsHSFA1b.1
-0.665 69.28 51.28 4.81 53.6 485 CsHSFA1b.2
-0.693 68.41 50.91 4.89 53.6 484 CsHSFA1b.3
-0.778 62.28 59.84 4.7 55.2 496 CsHSFAlc.1
-0.771 62.3 61.86 4.73 55.1 496 CsHSFAlc.2
-0.78 61.76 60.95 4.72 55 494 CsHSFAlc.3
-0.499 76.07 51.73 4.99 51.4 466 CsHSFAld.1
-0.507 75.88 51.73 4.94 52 471 CsHSFA1d.2
-0.515 75.48 52.46 5 52 471 CsHSFA1d.3
-0.573 68.65 46.04 5.11 39.2 349 CsHSFA2a.1
-0.572 66.7 48.64 5.12 39.2 349 CsHSFA2a.2
-0.596 66.42 46.67 5.12 39.2 349 CsHSFA2a.3
-0.687 62.57 51.79 4.96 46.7 416 CsHSFA3a.1
-0.691 63.21 54.02 4.83 46.8 418 CsHSFA3a.2
-0.745 62.59 48.85 5.22 50.2 444 CsHSFA3a.3
-0.886 61.07 65.2 5.27 45.1 394 CsHSFA4a.1
-0.876 61.76 64.16 5.32 44.8 391 CsHSFA4a.2
-0.898 61.51 65 5.38 44.9 391 CsHSFA4a.3
-0.919 64.88 59.59 5.56 423 369 CsHSFA4b.1
-0.941 64.13 57.11 5.45 40 349 CsHSFA4b.2
-0.964 64.11 59.61 5.3 39.5 343 CsHSFA4b.3
-0.884 64.17 54.75 8.52 52.8 470 CsHSFAS5a.1
-0.889 64.38 53.85 8.52 529 470 CsHSFAS5a.2
-0.859 65.69 55.41 7.77 529 471 CsHSFA5a.3
-0.818 67.31 51.18 6.99 323 275 CsHSFAG6a
-0.928 58.28 62.42 5.06 47 408 CsHSFAG6b.1
-0.9 59.95 63.47 4.97 47 408 CsHSFAG6b.2
-0.909 59.25 63.09 5.01 45.8 398 CsHSFAG6b.3
-0.701 66.17 60.97 5.82 32 271 CsHSFA7a.1
-0.667 66.41 58.04 5.95 32 276 CsHSFA7a.2
-0.699 66.65 60.37 5.96 319 275 CsHSFA7a.3
-0.694 65.34 70.55 5.67 339 294 CsHSFA7b.1
-0.668 66.59 69.73 6.03 33.7 293 CsHSFAT7b.2
-0.657 67.88 64.88 5.78 33.7 293 CsHSFA7b.3
-0.693 76.54 41.13 4.89 42.1 373 CsHSFAS8a.1
-0.692 76.34 41.55 4.85 422 374 CsHSFA8a.2
-0.699 74.86 43.08 6.44 39.6 350 CsHSFA9a.1
-0.711 71.6 40.85 6.49 39.5 351 CsHSFA9a.2
-0.718 72.96 4438 5.99 39.6 351 CsHSFA9a.3
-0.746 73.45 42.71 6.24 379 330 CsHSFA9a.4
-0.718 61.43 38.41 5.78 31.3 287 CsHSFBla.l
-0.746 63.67 39.32 5.65 31.7 289 CsHSFBla.2
-0.726 60.98 39.24 5.78 31.2 286 CsHSFBla.3
-0.758 60.21 37.99 5.94 314 288 CsHSFBla.4
-0.839 58.89 60.69 6.98 353 314 CsHSFB2a.1
-0.808 60.98 61.18 6.2 35.6 316 CsHSFB2a.2
-0.819 60.84 62.43 6.62 36 320 CsHSFB2a.3
-0.453 69.43 54.46 4.75 39.3 370 CsHSFB2b.1
-0.425 70.08 52.37 4.78 39.5 375 CsHSFB2b.2
-0.47 67.73 55.13 4.79 39.5 375 CsHSFB2b.3
-0.965 61.92 50.28 5 289 250 CsHSFB3a.1
-1.184 60.68 54.38 5.82 17.1 146 CsHSFB3a.2
-0.946 62.47 55.07 5.13 29.1 251 CsHSFB3a.3
-0.938 62.47 54.54 5.12 29 251 CsHSFB3a.4
-0.733 62.35 57.71 7.88 41.1 361 CsHSFB4a.1
-0.702 63.05 53.41 8.41 40.5 357 CsHSFB4a.2
-0.716 63.43 57.33 8.71 40.9 361 CsHSFB4a.3
-0.687 75.64 36.08 6.21 19.5 165 CsHSFCla.l
-0.723 63.51 54.47 5.69 38.2 339 CsHSFCla.2
-0.698 64.75 56.2 5.68 379 337 CsHSFCla.3
-0.699 66.02 54.25 5.82 37.7 332 CsHSFCla4
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Figure 4. Secondary structure prediction of the HSF protein family in C. sativa. The PSIPRED program was used to

predict and visualize the secondary structure.
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Figure 5. Tertiary structure prediction of the HSF zrotein family in Camelina sativa. The Phayre 2 base on PDB
program was used to predict and model the tertiary structures of the proteins.
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Figure 6. The protein—protein interaction network of CsHSF in Camelina sativa was constructed using the STRING

database. Colored solid nodes represent proteins with experimentally determined or modeled three-dimensional
structures.
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