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19 Abstract

20 Sleep disturbances are associated with an increased risk of neurodegenerative diseases and alterations 

21 in gut microbiota composition. Saffron (Crocus sativus) has been shown to improve sleep and modulate 

22 the gut microbiome, but its effect on sleep quality via the gut microbiota-brain axis remain largely 

23 unexplored. This randomised, placebo-controlled pilot study investigated the impact of four weeks of 

24 saffron supplementation (30mg/day) on sleep quality and gut microbiota in older adults (ages 55-85) 

25 with self-reported sleep complaints (N=52). Subjective sleep quality was assessed using validated 

26 questionnaires, while objective measures were captured via an electroencephalography-based sleep 

27 tracker. Gut microbiota composition was analysed in a subgroup (N=26). 

28 Saffron supplementation significantly improved subjective sleep quality (p=0.02) and sleep efficiency 

29 (p=0.04). Objective outcomes included reduced latency to persistent sleep (p=0.003) and shorter sleep 

30 onset latency (p=0.03). Microbiome analysis using linear discriminant analysis effect size (LEfSe) 

31 revealed significant increases in Faecalibacterium (q=0.013), Lachnoclostridium (q=0.045), Prevotella 

32 (q=0.022), UBA1819 (q=0.020) and Oscillibacter (q=0.045), alongside a decrease in Dialister 

33 (q=0.028). Univariate analysis further identified increases in Lachnospiraceae-UGC-001 (p=0.020) and 

34 Roseburia (p=0.03), with a reduction in Turicibacter (p=0.045) in the saffron group. 

35 Correlational analyses revealed that Oscillibacter and UBA1819 were positively associated with 

36 subjective sleep efficiency (r=0.63, p=0.0007) and inversely associated with sleep latency (r=-0.39, 

37 p=0.04). Alterations in in Dialister, Turicibacter and UBA1819 correlated with objective sleep quality 

38 parameters including wake duration, latency to persistent sleep and wake-after-sleep-onset. 

39 In summary, four-weeks saffron supplementation improved both subjective and objective sleep quality 

40 in older adults with sleep complaints, and modulated gut microbiota composition, particularly 

41 increasing short-chain fatty acids producing bacteria. These findings pave the way for further 

42 randomised controlled trials exploring the links between sleep quality and gut health and may help 

43 devising new preventative strategies for age-related brain disorders.

44

45 Keywords: Pittsburgh sleep quality index, EEG, latency to persistent sleep, sleep onset latency, gut 

46 microbiome.
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47 1. Introduction

48 The global population is ageing, with the number of people over 60 expected to double by 2050. 1 As 

49 ageing is a major risk factor for neurodegenerative conditions such as dementia 2, the burden of such 

50 diseases is similarly expected to rise in the coming years. Intriguingly, ageing is associated with an 

51 increased prevalence of sleep deficits 3, 4 which may represent one of the contributing factors to 

52 neurodegeneration. 5, 6 Indeed, sleep plays a key role in multiple physiological functions including 

53 regulation of neural cellular energy homeostasis, neural plasticity and clearance of brain waste products. 

54 7-9 However, with age, physiological sleep patterns deteriorate 4, 10-12 with reduction in slow wave sleep, 

55 rapid-eye-movement (REM), sleep efficiency and sleep continuity. The causality of such age-related 

56 sleep problems is complex, and to date there are no effective, widely available interventions to improve 

57 sleep deficits in the elderly. 13 Given the significance of sleep for brain health, targeting sleep quality 

58 improvement in older adults has a significant potential to improve the quality of life and to potentially 

59 mitigate factors associated with neurodegenerative disorders in later life. 14

60
61 The gastrointestinal tract is now well recognised as a powerful modifier of brain function 15, 16 through 

62 its bidirectional communication with the brain, referred to as the microbiota gut-brain-axis. 17 Evidence 

63 supports a regulatory role for the gut microbiome in sleep homeostasis (e.g. converting substrates into 

64 the neurotransmitters required for sleep regulation or their precursors 18 or acting as signalling molecules 

65 19) and that alterations in sleep duration and quality influence the composition and diversity of the gut 

66 microbiome. 20 Disturbances in gut eubiosis (e.g. a balanced and healthy state of the gut microbiota) is 

67 observed in people with insomnia and circadian misalignment. 21 In addition, partial sleep deprivation 

68 also alters the composition of the gut microbiome, and global sleep deprivation has widespread negative 

69 effects on cognitive performance including non-spatial memory, working memory, cognitive and 

70 emotional functioning in both animal models 22, 23 and human studies. 24-26 However, whether positive 

71 sleep changes may be modulated by reshaping the gut microbiome currently remains unexplored.

72
73 Diet modulates both sleep hygiene and the gut microbiota with bioactive compounds naturally present 

74 in foods playing a fundamental role in sleep quality and in the maintenance of gut homeostasis through 

75 the production of gut-derived metabolites such as short-chain fatty acids or signalling molecules (e.g., 
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76 GABA, serotonin, indoles). 27 Saffron (from Crocus sativus L.) is a spice rich in carotenoid-related 

77 compounds namely crocetin, crocin, picrocrocin, and safranal, and has been reported to positively affect 

78 sleep in both animal models and human trials. 28-30 The proposed direct and indirect mechanisms of 

79 saffron on sleep seem to act on the production of melatonin via the serotonin pathway or affect the 

80 levels of neurotransmitters involved in sleep regulation via the serotonergic, glutamatergic or 

81 GABAergic systems. 31 In preclinical studies, in addition to improving non-rapid eye movement 

82 (NREM), saffron was recently associated with beneficial shifts in the gut microbiota. 32 In humans, a 

83 saffron extract (15.5mg per day) for 6 weeks improved sleep quality, reduced sleep latency and 

84 improved sleep duration on the Pittsburgh Sleep Quality Index (PSQI). 29 Furthermore, crocetin, an 

85 active constituent of saffron, at 7.5mg/day for 2 weeks increased electroencephalography delta activity 

86 in healthy adult participants with mild sleep complaints. 33 However, the effect of saffron on sleep 

87 quality through the modulation of the gut microbiota-brain axis has not yet been investigated.

88  
89 The main objective of this study was to investigate the impact of daily saffron extract intake (30 mg/day 

90 for 4 weeks) on both subjective and objective sleep quality in healthy older adults with sleep complaints. 

91 In addition, we also sought to assess the impact of saffron supplementation on gut microbiota diversity 

92 and abundance, and to establish whether gut microbial changes may be related to improvements in both 

93 self-reported and objectively measured sleep outcomes.

94

95 2. Methods

96 2.1. Ethical approval

97 The conduct, evaluation and documentation of this study abide with the Good Clinical Practice (GCP) 

98 guidelines and the principles of the Declaration of Helsinki. The study protocol was approved by the 

99 UEA FMH Ethics Committee (ETH2122-1829). All participants provided signed informed consent 

100 prior to participating to the study. The trial was registered at https://clinicaltrials.gov (NCT05315986).

101

102 2.2. Study design and participants
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103 The “Gut-Sleep-Brain axis” trial was a four-week, double-blind, randomised, placebo-controlled pilot 

104 study conducted at a single site in Norwich, UK. Participants were recruited from an internal database 

105 of the Sleep and Brain Research Unit (SBRU) at the University of East Anglia, and via the Joint 

106 Dementia Research Forum (https://www.joindementiaresearch.nihr.ac.uk). Following recruitment and 

107 written informed consent, participants were screened using online questionnaires. If deemed eligible 

108 participants were asked to attend 2 clinical visits, at 0 weeks (baseline) and 4 weeks to undergo 

109 subjective measures and to collect/dispose sleep devices and biological samples. Microbiota analysis 

110 was conducted at baseline and 4 weeks in a subset of n=26 participants. The study started in April 2022 

111 and was completed in November 2022. We estimated our sample size using an a priori approach 

112 employing G*Power (version 3.1). Our calculation indicates that a total sample size of 46 participants 

113 (23 per experimental group) is adequate considering a two-tailed significance (α=0.05) for a within-

114 between interaction with a medium effect size (f = 0.25) between baseline and follow-up and ensuring 

115 a 90% power. Considering a 10% drop out rate, we recruited 52 participants in our study.

116

117 Participants aged 65.7 ± 7.8 years (age range 55-85 years, n=52) and presenting with sleep complaints 

118 as indicated by high scores on the Pittsburgh Sleep Quality Index (PSQI; > 5) or the Insomnia Severity 

119 Index (ISI; > 10) but otherwise of a normal cognitive status (ACE-III score > 21) were included in this 

120 study. 34 Participants were excluded if they had a BMI ≥35 kg/m², were pregnant, had current 

121 neurological or psychiatric conditions (e.g., anxiety, depression, PTSD), acute infections, or chronic 

122 medical conditions that interfere with sleep (e.g., pain, tumours), a diagnosis of untreated sleep apnoea 

123 or another sleep-related disorder (excluding insomnia), were shift workers, were using antibiotics or 

124 dietary supplements that may affect sleep or sleep medications, consumed excessive caffeine (>5 cups 

125 per day of caffeinated beverages) or alcohol (>14 units/week), used nicotine or recreational drugs, or 

126 had previously reported allergies to saffron. 

127 In addition, other baseline characteristic measures were used to screen for depression and anxiety 

128 including the Patient Health Questionnaire (PHQ-9), with the exclusion of participants with high scores 

129 (>19) 35; the Generalised anxiety disorder (GAD), excluding participants with scores >14 36, the General 
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130 Health Questionnaire (GHQ-28), used to screen for psychological well-being 37, as well as the Positive 

131 and Negative Apathy Scale (PANAS) 38 to assess positive and negative affect.

132

133 2.3. Intervention, assignment to groups and blinding

134 Participants were randomly allocated to receive 30mg saffron extract (Safr’InsideTM, Activ’Inside, 

135 France) standardised to contain crocins [(mainly trans-4-GG, trans-3-Gg; cis-4-GG, trans-2-G) > 3%, 

136 safranal > 0.2%, picrocrocin derivatives (mainly picrocrocin, HTCC) > 1%, and kaempferol derivatives 

137 (mainly kaempferol-3-sophoroside-7-glucoside, kaempferol-3-sophoroside) >0.1%, measured by 

138 UHPLC method)] or a placebo. The nomenclature of these crocins reflects their isomeric configuration 

139 (trans or cis), the total number of sugar moieties, typically ranging from two to four, and the nature of 

140 these sugars—G representing gentiobioside and g indicating glucoside. 39 These compounds are natural 

141 carotenoid-type and flavonoids found in the stigmas of the saffron (Crocus sativus L.) flowers, 

142 providing a typical red color of specific interest for various industries 40, in addition to their potent 

143 pharmacological effects. 41,42 The 30 mg/day dose was determined based on previous randomised, 

144 double blind placebo-controlled studies reporting improvements in psychological stress response and 

145 reduced depression.43, 44

146 Treatments were provided in form of gummies and participants were asked to consume one gummy 

147 every day, 30 minutes before bedtime for 4 weeks. Each gummy contained pectin, sorbitol, maltitol, 

148 stevia, orange aromas, citric acid, and sodium citrate with 30mg Safr’InsideTM for the active group or 

149 without for the placebo. Both groups received orange-flavoured gummies, which effectively masked 

150 the taste of saffron. Moreover, the study employed a parallel design, preventing participants from 

151 accessing both the placebo and saffron gummies, thereby eliminating the possibility of direct 

152 comparison. All the ingredients used for the manufacture of gummies were of food grade and 

153 manufactured in a FSSC 22000 certified facility. 

154 Treatments were fully randomised by an automated randomisation algorithm, using the random size 

155 block randomisation system via an online randomisation platform (Sealed envelope, 2021). All 

156 researchers, clinical staff and participants were blinded to the treatment until all data and samples had 

157 been analysed according to a pre-defined statistical analysis plan. Adherence to the supplementation 
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158 intervention was evaluated through daily compliance assessment forms filled out by participants and 

159 returned at the end of the trial, and by monitoring gummy containers returned at the end of the study. 

160 The blinding was assessed at the end of the study with the letters opened and RCT ID matched to the 

161 corresponding groups after statistical analysis had been conducted.  

162

163 2.4.  Subjective and objective sleep

164 The primary outcome of the study was self-reported sleep quality as measured by the PSQI at baseline 

165 and post-intervention. The PSQI is a clinically validated questionnaire consisting of 19 individual items 

166 grouped into seven components, with higher scores indicating poorer sleep quality (from 0 to 21). 45 Six 

167 of the seven components were included in the analysis, with the exception of the (sleep) medication use 

168 component, as this was an exclusion criterion. In order to better match with the objective measurement 

169 of sleep efficiency expressed as a percentage (%), the sleep efficiency subscore of the PSQI has also 

170 been expressed in %, with higher values representing better sleep quality. Additionally, the ISI, which 

171 measures both nighttime and daytime components of insomnia (composite score from 0 to 28) 46 along 

172 with the Epworth Sleepiness Scale (ESS) 47, which assesses habitual daytime sleepiness (composite 

173 score from 0 to 24), and the single-item Karolinska Sleepiness Scale (KSS) 48, which measures actual 

174 sleepiness on a 9-point Likert scale, were used to characterise subjective sleep. Higher scores reflect 

175 greater levels of insomnia, habitual daytime sleepiness, and actual sleepiness, respectively. 

176
177 Objective sleep was recorded for 7 consecutive nights at both baseline and post-intervention using the 

178 Dreem 3 headband (DH, Dreem 3, Beacon Biosignals, Inc). The DH is composed of foam and 

179 lightweight fabric, adjustable via an elastic band to minimise discomfort but sufficiently tight to be 

180 secure. It collects signals via 5 dry EEG sensors made of silicone with soft and flexible projections, 

181 positioned on the forehead (2 frontal, 1 ground and 2 occipital sensors), capturing at a sampling rate of 

182 250 Hz. Supplementary details were published earlier. 49 Sleep diaries were used to complement 

183 objective sleep data. The sleep staging was generated for each 30-second epoch during the night, and 

184 the sleep features were generated from the raw data using an artificial neural network algorithm 

185 selecting the channels with the highest quality (referred to as the virtual channels 50), to provide the 
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186 automatic sleep staging. The algorithm processes data in 30-second epochs to provide accurate and 

187 reliable sleep scoring. The automatically analysed sleep features included Total Sleep Time (TST, in 

188 minutes), Sleep Onset Latency (SOL, in minutes) – the duration from lights off to falling asleep – 

189 Wakefulness After Sleep Onset (WASO, in minutes), which measures the time spent awake between 

190 sleep onset and final awakening, and Latency to Persistent Sleep (LtPS, in minutes), defined as the time 

191 from eye closure to the first sustained period of non-wakefulness. Additionally, the analysis covered 

192 the time spent in NREM sleep and its sub-stages (N1, N2, and N3, in minutes), in REM sleep (in 

193 minutes), sleep efficiency (the ratio of time spent asleep to total recording time), and the number of 

194 awakenings, which indicates the number of transitions from different sleep stages to wakefulness during 

195 the night (in minutes). The normalised sleep architecture was also returned (i.e., time spent in a certain 

196 sleep stage relative to TST, in percentage). The automatic analysis of sleep (i.e., sleep scoring and 

197 extraction of sleep parameters) followed the recommendations of the American Academy of Sleep 

198 Medicine (AASM) 51, 52. 

199

200 2.5.  Gut microbiome
201
202 Faecal samples were collected up to 48 hours prior to treatment onset and again in the 48 hours prior to 

203 follow-up visits using the Easy Sampler collection kits (GP Medical Device, Holstebro, Denmark). 

204 Containers were stored in a cool, dry location prior to returning to the research facility at the earliest 

205 and transferred at -80 °C for further analysis. Microbial DNA was isolated from approximately 50mg 

206 of faecal content using the QIAamp PowerFecal Pro DNA Kit (Qiagen, Manchester, UK) as per the 

207 manufacturer’s instructions. DNA quantity was assessed using a Nanodrop 2000 Spectrophotometer 

208 (Fisher Scientific, UK), and quality was established using agarose gel electrophoresis to detect DNA 

209 integrity, purity, fragment size and concentration. The 16S rRNA amplicon sequencing of the V3–V4 

210 hypervariable region was performed with an Illumina NovaSeq 6000 PE250. Sequence analysis was 

211 performed by Uparse software (Uparse v7.0.1001), using all the effective tags. Sequences with ≥97% 

212 similarity were assigned to the same OTUs. A representative sequence for each OTU was screened for 

213 further annotation. For each representative sequence, the Mothur software was used to perform each 

214 sequence against the SSUrRNA database of SILVA Database 138. 53 OTUs abundance was normalised 
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215 using a standard of sequence number corresponding to the sample using the least sequences. Alpha-

216 diversity was assessed using standard metrics (e.g., Chao1 and Shannon diversity index) while beta 

217 diversity was assessed using Bray-Curtis. Statistical significance was determined by Kruskal–Wallis or 

218 Permutational Multivariate Analysis of Variance (PERMANOVA) 54 combined with a false discovery 

219 rate (FDR) approach used to correct for multiple testing.

220

221 2.6. Dietary assessment

222 Participants were asked to fill in the Scottish collaborative group food frequency questionnaire (SCG-

223 FFQ; version 6.6), a validated, semi-quantitative dietary assessment instrument that has been developed 

224 to estimate and rank the dietary intake of a wide range of nutrients in large-scale UK epidemiological 

225 studies. 55, 56 The SCG-FFQ covers 169 food items grouped into 21 categories (e.g. breads and breakfast 

226 cereals) and is described elsewhere. 57 It was used to describe each participant's habitual diet over the 

227 previous two to three months, a key complementary outcome to the gut microbiome baseline measures. 

228 Participants completed the paper-based questionnaire and were asked to return it within 1 week. 

229 Responses were then entered using a purpose-built, web-based, data-entry system. The SCG-FFQ data 

230 were analysed using the UK food composition tables.

231

232 2.7. Statistical analysis

233 Analysis was conducted according to CONSORT guidelines for randomised pilot and feasibility trials 

234 58, with all participants randomised being included (n=52). Descriptive statistics were used to compare 

235 baseline characteristics of trial participants by allocated group using IBM SPSS Statistics software 

236 (Version 29.0.1.0). The Shapiro-Wilk test was used to test the normality of the data at baseline, and the 

237 significance of baseline differences between the two-intervention groups was determined using either 

238 the Mann-Whitney U test or the unpaired t-test with Welch’s correction in GraphPad Prism (version 

239 10). The analysis for primary outcome measures was performed using a General Linear Model (GLM) 

240 with repeated measures including within-subject (time) and between-subject (intervention) factors. 

241 Although main effects are reported here, the results focused on testing interaction effects (i.e., 

242 time*intervention). Post hoc analysis using the Benjamini-Hochberg procedure was performed for 
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243 multiple comparisons of group means (False Discovery Rate correction (FDR) with 5% threshold). 

244 GLM approach was conducted using GraphPad Prism (version 10). The ROUT method (q = 1%) was 

245 used to identify outliers. Transformation (e.g. log10) was performed where needed to achieve normality. 

246 Partially recorded objective sleep measures and those with low signal quality were removed from 

247 further analysis. Significance of the difference in dietary consumption between the two-intervention 

248 groups was determined using either the Mann-Whitney U test or unpaired t-test with Welch’s correction 

249 in GraphPad Prism (version 10).

250 For the gut microbiome analysis, Linear Discriminant Analysis Effect Size (LEfSe) was used to explain 

251 the differences among the biological groups and detect features with significant differential abundance 

252 among classes. M2IA software was used to investigate the relationship between the primary outcomes 

253 (subjective/objective sleep) and the gut microbiome shifts. 59 

254

255 3. Results

256 3.1. Participants characteristics

257 A total of 90 individuals were assessed for eligibility, with 52 participants recruited and randomised to 

258 control (n=26) or saffron (n=26) intervention groups. Four participants were lost at baseline, the reason 

259 being loss of contact (n = 4; 7.1%). There were no differences in age, years of education, cognitive 

260 status as assessed by ACE III, or subjective/objective sleep scores. Fifty-two participants completed the 

261 trial, of which 71% were female (Table 1) and mainly of white British ethnic origin.  The trial 

262 CONSORT flow diagram is provided in Figure 1. A total of 33 compliance spreadsheets were 

263 completed in the intervention and placebo group, and no side effects were reported.

264

265 3.2. Primary outcomes: Sleep quality

266 3.2.1. Effect of daily saffron supplementation on subjective sleep quality

267 A significant time*intervention interaction was observed in the PSQI global score with a reduction of 

268 21.3% (F1, 48 = 5.82; p=0.02) in the saffron group over the 4-week intervention period when compared 

269 to an 8.6% increase from baseline in the placebo group (Figure 2A and Table 2). Furthermore, a 

270 significant interaction effect was observed in the sleep efficiency (%) (ratio calculated from the 
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271 subjective hours slept and subjective hours in bed) PSQI sub score (F1, 44 = 4.291; p=0.04) which was 

272 increased by 5.4% in the saffron group and reduced by 14.7% in the placebo group at follow-up. A 

273 similar effect was seen in the PSQI sleep quality subcomponent score with a 36.36% increase in the 

274 placebo group and a 17.6% decrease in the saffron group (F1, 48 = 4.100; p=0.04). All these changes 

275 indicate a relative improvement in self-reported sleep in the saffron group compared to the placebo 

276 group during the intervention. 

277
278 Several main effects of time were observed on daytime dysfunction (F1, 48 = 5.980; p=0.02), sleep 

279 duration (F 1, 46 = 4.704; p=0.03) and sleep latency (F1, 41 = 5.434; p=0.02) PSQI sub-scores (Table 2). 

280 In addition, a main effect of time was observed on the ESS score (F1, 48 = 6.607; p=0.01) with a 9.2% 

281 reduction in the placebo group and an 18.7% reduction in the saffron group. No significant effects were 

282 observed in the Karolinska sleepiness scale (KSS) and the insomnia severity index (ISI). 

283

284 3.2.2. Effect of daily saffron supplementation on objective sleep quality

285 A total of 590 full night records were analysed. A significant time*intervention was observed for 

286 Latency to Persistent Sleep (LtPS) (F1, 37 = 9.777; p=0.003), with scores decreasing significantly in the 

287 saffron group (-27.6%) but increasing in the placebo group (+35.4%). Furthermore, sleep onset latency 

288 (SOL, min) decreased by 21% in the saffron group while it increased by 19.05% in the placebo group 

289 (F1,38 = 4.928, p=0.03) (Figure 2B). In addition, a significant time*intervention interaction was observed 

290 for REM sleep (%) increasing by 9.7% in the placebo group and a decreasing by 8.1% in the saffron 

291 group (F1,40 = 5.312; p=0.03) (Table 2).

292 Furthermore, a main effect of intervention was observed in the wakefulness after sleep onset (WASO, 

293 min) which was significantly increased in the placebo group (+19.33%) but reduced by 6.1% in the 

294 saffron group (F1,40 = 14.92; p=0.0004). A main effect of intervention in total sleep time (TST; min) 

295 (F1,43 = 6.744; p=0.01), in time spent in N2 (F1,44 = 6.486; p=0.01), and overall NREM (F1,44 = 5.872; 

296 p=0.02) and wake duration (min) (F1,43 = 8.665; p=0.0052) were also observed (Table 2).     

297
298 3.3. Gut microbiome

299 3.3.1. FFQ analysis in the microbiome sub-cohort
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300 Table 3 presents the results from the FFQ-SCG at baseline. Significant differences were observed in 

301 the treatment groups with the placebo group consuming more energy (F8,12 = 1.336; p=0.03), more 

302 proteins (F8,12 = 1.153; p=0.01), more fibres (AOAC) (F13,10 = 1.248; p=0.03) and more total sugars 

303 (F7,12 = 1.856; p=0.02) than the saffron group. In addition, a significant difference was also observed 

304 for flavones (mg) intake which were higher in the placebo group (F12, 9 = 6.137; p=0.008). The average 

305 intake of total flavonoid and carotenoid content was similar between the two groups. However, alcohol 

306 intake was reported to be higher in the saffron than in placebo group (F7,8 = 18.08; p=0.02).

307
308
309 3.3.2. 4-week daily saffron supplementation affected the microbiome abundance 

310 After demonstrating a beneficial effect of saffron on both subjective and objective sleep measures, we 

311 next sought to investigate whether the gut microbiota was modified by the saffron treatment. Compared 

312 to the placebo group at follow-up, saffron intake led to an enrichment of Bacteroidota (class 

313 Bacteroidia) and Verrucomicrobiota (class Verrucomicrobiae) and a reduction in Firmicutes (class 

314 Bacilli (46%) and Gammaproteobacteria (29%). Furthermore, saffron intake decreased the 

315 Firmicute/Bacteroidetes ratio when compared to placebo after 4 weeks of supplementation (Figure 3A 

316 and Supplementary Table S1-S3). Saffron intake did not affect alpha diversity as assessed by Chao1 (p 

317 = 0.8) and Shannon diversity indices (p=0.4) (Figure 3B) nor beta diversity as measured by Bray-Curtis 

318 distance (PERMANOVA p=0.964; Figure 3C). 

319
320 We then examined whether the relative abundance of any taxa might differ between these groups, using 

321 a linear discriminant analysis of effect size analysis (LEfSe; LDA>2, FDR<0.05). At the genus level 

322 Prevotella¸ Lachnoclostridium, UBA1819, Oscillibacter and Faecalibacterium were increased, while 

323 Dialister decreased post-intervention in the saffron group (Supplementary Table S4 and Figure 3D). 

324 Using the Wilcoxon rank-sum test we observed a small increase in Lachnosclotridium (p=0.04) and a 

325 slight reduction in Turicibacter (p=0.04) (Figure 3Ei). Saffron also significantly increased abundance 

326 of Roseburia and Lachnospiraceae_UGC-001 (p=0.02) (Figure 3Eii) at follow-up.

327
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328 3.3.3.Saffron induced changes in gut microbiome are correlated with changes in sleep 

329 quality

330 We questioned whether the changes in gut microbiome observed following saffron intake were 

331 correlated with changes in both subjective and objective sleep measures. At the genus levels, 

332 Oscillibacter was positively correlated with sleep efficiency (%) component of the PSQI (r = 0.63, p= 

333 0.0007) and UBA1819 negatively with sleep latency (min) of the PSQI (r = -0.49, p= 0.041) (Figure 

334 4A). 

335 In the objective sleep dimension, latency to persistent sleep (LtPS, min) positively correlated with 

336 Dialister and Turicibacter, (r= 0.469 p=0.031 and r =0.474, p=0.029), but negatively with UBA1819 (r 

337 = -0.545, p=0.01). Dialister and Turicibacter also positively correlated with wake duration (min), (r = 

338 0.468, p=0.032 and r = 0.484, p=0.026) respectively. In addition, Turicibacter was also positively 

339 correlated with wake after sleep onset (WASO, min) (r= 0.449, p= 0.04). Negative correlations are also 

340 observed between UBA1819 and wakefulness after sleep onset (WASO, min) (r=-0.595, p= 0.004), and 

341 wake duration (min) (r=-0.672, p=0.0008) (Figure 4B). 

342

343 Discussion
344
345 Building on emerging insights into the interaction between sleep, gut, and brain health, this study aimed 

346 at evaluating the effect of a patented standardised saffron extract (30mg per day for 4 weeks) not only 

347 on parameters of sleep quality (objective and subjective), but also on gut microbiome composition, in 

348 older adults with sleep complaints. Saffron supplementation over four weeks was associated with 

349 improvements in overall sleep quality. This is evidenced by a significant decrease in the PSQI global 

350 score, as well as improvement in the PSQI-derived sleep quality score and sleep efficiency % in saffron 

351 group compared to the control. The 21% reduction in PSQI score represents a substantial improvement 

352 in overall sleep quality, with the possibility of shifting from “poor sleep quality” to “better sleep 

353 quality”, and this improvement in sleep quality was furtherly validated by objective measures.

354
355 Objective sleep assessment using the Dreem device further indicated that the intervention had a 

356 significant impact on sleep quality, as evidenced by a reduction in sleep onset latency (SOL) and 
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357 persistent sleep latency (LtPS), as well as in the time spent awake after sleep onset (WASO) and the 

358 duration of wakefulness. These changes reflect an overall improvement in sleep initiation and 

359 maintenance, which are critical aspects of sleep quality often adversely affected by insomnia symptoms 

360 and sleep disorders. Although we observed a slight increase in SOL and WASO in the placebo group, 

361 such changes are not unusual in sleep research, especially in populations with known sleep disturbances. 

362 Several factors may explain these changes. First, sleep architecture is influenced by a variety of 

363 uncontrolled environmental and psychosocial variables including seasonal changes or personal life 

364 events, which may differentially impact individuals over time, independent of the intervention. Second, 

365 placebo response is well-documented in sleep studies and is particularly relevant in populations with 

366 insomnia or subjective sleep complaints. Participation in a clinical trial can itself lead to behaviour 

367 change or altered perception of sleep due to increased self-monitoring and expectation, commonly 

368 referred to as the Hawthorne effect or placebo-related expectancy effects. 60, 61 Since our study 

369 population typically experienced sleep disturbances, they may be especially prone to placebo-related 

370 effects such as those observed in our study. Importantly, the observed change in the placebo group does 

371 not invalidate the findings of this study, rather it re-emphasises the necessity of having a placebo group 

372 control in the first place. The saffron group showed a slight decrease in the proportion of REM sleep at 

373 follow-up (19.4%) compared to baseline (21.1%), while the control group showed a slight increase in 

374 REM sleep at follow-up (22.6%) compared to baseline (20.6%). These different trajectories were 

375 supported by a marginally significant interaction between time and intervention.. Although the cause of 

376 the reduction in REM sleep in the saffron group is unclear, the simultaneous increase in N3, associated 

377 with a slight decrease in N1 and no change in N2, suggests that the effect may be due to higher 

378 homeostatic sleep pressure in the saffron group at follow-up. This hypothesis is in line with other 

379 evidence we report showing a decrease in sleep latency after saffron treatment. In addition, saffron has 

380 been shown to have antidepressant effects, consistent with an increase in serotonergic 

381 neurotransmission, which may also contribute to the relative reduction in REM sleep.62, 63

382 However, we did not observe any changes in the ISI score in our cohort, reported to be positively 

383 modulated by saffron consumption by others 64, nor in the Karolinska Sleepiness Scale (KSS). These 

384 discrepancies may be explained by the fact that the KSS scale specifically measures daytime sleepiness 
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385 over a short period (in the last 5-10 minutes) on a given day, whereas ESS measures sleepiness over a 

386 longer period and is less impact by short-term fluctuations. The lack of change in the ISI may be due to 

387 the fact that the baseline ISI levels in our cohort were at the lower end of the “insomnia subthreshold” 

388 (scores below 14). The subjective improvement in sleep quality observed in the questionnaires has 

389 already been reported by others 64, 65, but to our knowledge, we are the first to report positive changes 

390 in objective sleep measures (EEG).

391 The Dreem system allowed for an automatic characterisation of sleep architecture as validated against 

392 gold standard polysomnography 52, with the added advantage of monitoring these changes in the natural 

393 environment of the participants. We found positive effects of saffron intake on SOL, LtPS and WASO. 

394 High SOL and LtPS values reflect overall sleep issues, particularly sleep initiation difficulty, 

395 reminiscent of sleep onset insomnia. In contrast high WASO values indicate frequent or prolonged 

396 awakenings during the night and are a sign of discontinuous sleep with direct impact on the restorative 

397 function of sleep and reminiscent of sleep maintenance insomnia. These negative effects on sleep 

398 quality are often associated with impaired cognitive functions, mood disturbances and memory issues. 

399 64, 66 Similarly, high LtPS values are indicative of poor sleep quality and are typically associated with 

400 reduced sleep efficiency, offering a complementary and more precise measure of SOL. 67

401 In general, people with insomnia complaints tend to underestimate the subjective duration of their sleep 

402 compared to that measured objectively by polysomnography. 68 Nevertheless, in our study, indications 

403 of the positive effects of saffron on sleep initiation and maintenance were corroborated by objectively 

404 measured sleep data. The convergence of the relatively large collection of objective sleep measurement 

405 data from Dreem recordings with the subjective PSQI results provides strong pilot evidence of the 

406 positive impact of this intervention on sleep quality. 

407 Saffron consumption also led to significant changes in the gut microbiome, notably increasing 

408 beneficial bacteria such as in Faecalibacterium, Prevotella, Roseburia and Lachnospiraceae_UGC-001 

409 abundance. While gummy supplements may cause minor microbiome changes through prebiotic effects 

410 from pectin and maltitol [48], other compounds like sorbitol and stevia in small amounts are unlikely 
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411 to have significant impacts. The placebo group received gummy supplements containing all the similar 

412 ingredients, ensuring a controlled comparison. Among the modulated bacteria, Roseburia, 

413 Faecalibacterium and Lachnospiraceae are known producers of butyrate. 69-71 Butyrate, a short-chain 

414 fatty acid generated by gut bacteria through the fermentation of dietary fibres, has been reported to act 

415 as sleep-promoting signal in rodent models upon oral or intraportal administration, indicating sleep-

416 inducing sensory mechanism via gut microbes. 72 Therefore, increase in Faecalibacterium, 

417 Lachnospiraceae and Roseburia observed in the saffron group could potentially mediate the positive 

418 changes in sleep parameters via SCFAs production and gut-brain axis interactions, supporting the link 

419 between microbiome composition and overall sleep quality. In addition, the fact that dietary fibre intake 

420 was significantly higher in the placebo group further reinforces the hypothesis that saffron may be 

421 responsible for the positive changes observed in the gut microbiome. Similarly, the intake of 

422 phytochemicals (including carotenoids), vitamins or minerals (including magnesium (Mg) and vitamin 

423 D) that could have affected sleep parameters and interfered with the intervention treatment was no 

424 different in the participants' usual diet. These positive changes in the profile of the intestinal microbiome 

425 demonstrate the prebiotic effects of saffron, hence playing a crucial role in intestinal homeostasis in 

426 addition to the known biological and neuroprotective effects of saffron’s apocarotenoids. 73

427 In our study, we reported that the genus Oscillibacter was strongly positively correlated with the sleep 

428 efficiency component of the PSQI in the subjective sleep measures. This genus of Firmicutes in the 

429 family Oscillospiraceae increased in the saffron group, has been previously associated with a decreased 

430 risk of insomnia and improvement in duration 74, which can be credited with improving sleep efficiency. 

431 Still in the subjective sleep measures, UBA1819, family Ruminococcaceae, which was also increased 

432 in saffron, was found to be negatively correlated with PSQI sleep latency (min), which was reduced in 

433 saffron. This family was reported to modulate sleep and to be inversely associated with chronic 

434 insomnia and linked to better sleep efficiency 75 (potentially also mediating glucose and lipid 

435 metabolism). 76, 77 In parallel, in the objective sleep measures, this genus was negatively correlated with 

436 measures of sleep fragmentation variables (LtPS, WASO and wake duration), that were decreased post-

437 saffron supplementation. Reduction in sleep disruption variables are contributing factors to the 
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438 improvement in sleep efficiency and quality, reinforcing the potential mediatory effect between 

439 Ruminococcaceae familly and sleep quality. Furthermore, in the objective sleep measures, those 

440 measures of sleep fragmentation were positively associated with Turicibacter (family 

441 Erysipelotrichaceae) and Dialister (family Veillonellaceae), genera that are both decreased in saffron, 

442 but in a very subtle manner for Turicibacter. Although there is limited available evidence regarding 

443 sleep and the abundance of those bacteria, Dialister genus was reported in both long and short sleepers 

444 but in African-origin adults 78, and Turicibacter genus was found to be decreased in young children 

445 with low total sleep time. 79

446 The involvement of the gut microbiota in the pharmacokinetics and neuroactive effects of saffron’s 

447 apocarotenoids remains poorly understood. Nonetheless, emerging evidence from preclinical models 

448 and preliminary human studies suggests that the gut microbiota plays a key role in the biotransformation 

449 of crocin into crocetin. 80-82 Additional downstream microbial metabolites are also generated, although 

450 their structures and functions are not yet fully elucidated. These microbial transformations appear to 

451 involve double-bond reduction, demethylation, and de-glycosylation reactions mediated by the gut 

452 microbiota. 83 Both crocin and crocetin have demonstrated the capacity to enhance non-rapid eye 

453 movement (non-REM) sleep, likely due, in part, by modulating the histaminergic arousal system. 32 In 

454 contrast, other saffron-derived compounds, such as safranal, may influence sleep architecture by 

455 modulating neurotransmitter systems and receptor activity. 84 Further research is necessary to 

456 comprehensively characterise the microbial metabolism of these compounds and their implications for 

457 host physiology and sleep regulation.

458 This study proposes for the first time potential associations between saffron supplementation, 

459 complementary measures of sleep quality and gut microbiome, highlighting several pathways between 

460 sleep and gut health, and validating the previous murine findings 85-88 along with confirming previous 

461 research exploring the effects of saffron on sleep improvement. 28, 29, 64

462 Strengths and limitations
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463 An important strength of our study was the use of the wearable sleep EEG (DREEM 3) device, which 

464 proved both feasible and acceptable to participants, with an average sleep recording of over 6 nights at 

465 both baseline and follow-up, and an average of 85% overall accuracy for sleep recordings (Dreem 3 

466 headband), thus representing a useful technical approach to measuring objective sleep parameters in the 

467 home environment. While allowing for objective sleep assessment with higher ecological validity 

468 compared to in-lab polysomnography, the accuracy of Dreem 3 may not match that of PSG, particularly 

469 for specific sleep parameters. Indeed, the study effectively measures total sleep duration and efficiency, 

470 but other metrics in the objective sleep stages such as REM and NREM sleep might lack precision. 89 

471 The innovative design of this study enabled a comprehensive assessment of the links between sleep, 

472 saffron and the gut microbiome, using complementary measures to compare and contrast sleep both 

473 subjectively and objectively. Although a pilot study, our sample size (52 participants) was sufficient to 

474 obtain statistical significance and to provide a valuable baseline for future research. Potential limitations 

475 include demographic biases such as sex (71 % female participants), and absence of mechanistic insights 

476 into saffron’s effects with no characterisation of saffron’s derived systemic metabolites.  

477 The lack of change in the Insomnia Severity Index (ISS) and Karolinska Sleepiness Scale (KSS) score 

478 may suggest the need to consider the effects of distinct psychological and psychiatric comorbidities that 

479 can affect sleep perception and have implications for social and health outcomes, key factors in older 

480 populations. This underscores the complexity of sleep and its impact on health. Elderly people with 

481 sleep disorders represent a population in crucial need of sleep quality improvement, as they are more 

482 susceptible to the deleterious effects of sleep deficits on cognitive function and brain health, due to 

483 higher baseline cognitive vulnerability and reduced cognitive reserve. 

484

485 Conclusion

486 Our results indicate that short-term daily dietary intervention (4weeks) using a standardised saffron 

487 extract (30mg/day) can have positive impacts on both subjective and objective sleep quality in older 

488 adults with sleep complaints. This effect may be partly associated with changes in gut microbiota, 

489 highlighting the potential of saffron in alleviating sleep disturbances in older adults by targeting the gut 
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490 microbiome. While promising, these findings require further validation within a larger, diverse sample 

491 including a more balanced gender distribution.
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514 Table 1: Participant demographics 

Characteristics Placebo (n=26) Saffron (n=26) T-test
Mean (SD) Mean (SD) Sig.

Age (years) 65.2 (7.3) 66.3 (8.5) 0.6
Sex (M/F %) 27/73 30/70 0.6

Education (years) 16.9 (4.4) 18.7 (14.1) 0.8
BMI (KG/M2) 26.1 (4.1) 26.3 (4.6) 0.8
MINI ACE III 28.5 (1.7) 27.6.1 (2.7) 0.2
PHQ-9 (0-27) 3.9 (4.2) 4.5 (4.6) 0.7

GAD (0-21) 2 (2.8) 2.7 (3.3) 0.4
GHQ (0-28) 12.5 (4.9) 12.5 (5) 0.98

PANAS Positive (10-50) 34.3 (10.9) 30.2 (8.4) 0.1
PANAS Negative (10-50) 17.2 (6.9) 18.1 (7.9) 0.6

515
516 Data are presented as mean (SD) or as stated (%). BMI: Body Mass Index; ACE III: Addenbrooke's 

517 Cognitive Examination-III; PHQ-9: Patient Health Questionnaire-9; GAD: General Anxiety Disorder; 

518 GHQ: General Health Questionnaire, PANAS: Positive and Negative Affect Schedule. Mann-Whitney 

519 test was used to test for baseline differences in non-normally distributed data; Unpaired t-test was used 

520 in normally distributed data (Shapiro-Wilk p >0.05). 

521
522

523
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Table 2: Primary outcome results: Subjective and Objective sleep. 

Data are presented as mean (SD) or as n (%) for both baseline (BL) and follow-up (FU), adjusted for outliers (ROUT method, Q cutoff of 1%). P values are 
indicated for the two main effects (i.e., time and intervention) and the interactions, as derived from repeated measures GLM.

Placebo BL 
(n=26)

Saffron BL 
(n=26)

Placebo FU 
(n=26)

Saffron FU 
(n=26) EffectsSubjective sleep outcomes

Mean (SD) Mean (SD) Mean (SD) Mean (SD) p time (t) p intervention (i) t*i p interaction
PSQI global score 8.1 (3.6) 9.4 (2.6) 8.8 (4.1) 7.4 (3) 0.2 0.9 0.02
PSQI Sleep quality score 1.1 (0.9) 1.7 (0.7) 1.5 (0.6) 1.4 (0.7) 0.9 0.1 0.05
PSQI Sleep latency (in min) 22.6 (16.8) 23.5 (16.4) 21.6 (12.3) 13.3 (7.7) 0.02 0.2 0.07
PSQI Sleep duration (in min) 361.9 (51.7) 342 (54.1) 383.8 (59.3) 369.6 (72.3) 0.03 0.2 0.7
PSQI Sleep efficiency (in %) 76.3 (13.4) 69.9 (10.9) 65.1 (23.7) 73.7 (20.8) 0.3 0.8 0.04
PSQI Sleep disturbance score 1.5 (0.6) 1.6 (0.5) 1.3 (0.5) 1.6 (0.6) 0.2 0.2 0.1
PSQI Daytime dysfunction score 1 (0.7) 0.8 (0.8) 0.7 (0.7) 0.6 (0.6) 0.02 0.4 0.8
Epworth Sleepiness Scale (ESS) 6.5 (5.1) 8 (4.7) 5.9 (4.2) 6.5 (4.4) 0.01 0.4 0.3
Karolinska Sleepiness Scale (KSS) 2.9 (1.7) 2.1 (1.1) 2.8 (1.5) 2.7 (1.1) 0.3 0.2 0.09
Insomnia severity Index (ISI) 8.7 (6.9) 11.2 (6.7) 11.1 (4.1) 11.4 (5.6) 0.3 0.3 0.3

Placebo BL 
(n=21)

Saffron BL 
(n=21)

Placebo FU 
(n=21)

Saffron FU 
(n=21)Objective sleep outcomes 

Mean (SD) Mean (SD) Mean (SD) Mean (SD)
p time (t) p intervention (i) t*i p interaction

Total sleep time (TST) (in min) 418.6 (43.59) 382.1 (62.8) 418.6 (62) 381.9 (45.6) 0.9 0.01 0.6
Sleep onset latency (SOL) (in min) 14.7 (7.4) 14.3 (6.9) 17.5 (9.3) 11.3 (5.2) 0.9 0.06 0.03
Wake after sleep onset (WASO) (in min) 35.7 (14.7) 26.1 (13.6) 42.6 (17.5) 24.5 (12.7) 0.3 0.0004 0.2
Wake duration (in min) 66.7 (27.6) 50.1 (25.4) 70.8 (26.7) 40.2 (20.9) 0.9 0.005 0.008
N1 sleep duration (in min) 31.4 (9.1) 27.8 (11.2) 31.8 (9) 27.2 (11.6) 0.8 0.08 0.6
N1 % 7.9 (2.3) 7.6 (2.4) 7.6 (2.4) 6.1 (1.6) 0.08 0.1 0.06
N2 sleep duration (in min) 218.1 (34) 191.9 (40.7) 206.8 (41.7) 179.5 (50.4) 0.07 0.01 0.8
N2 % 51.9 (5.7) 51.1 (6.8) 50.1 (4.8) 49.2 (6.4) 0.06 0.7 0.8
N3 sleep duration (in min) 74.8 (20.2) 70.8 (30.9) 75.1 (17.5) 73.1 (28.7) 0.9 0.6 0.9
N3 % 18.4 (4.7) 18.1 (6.6) 19.1 (5.2) 21.3 (7.7) 0.053 0.6 0.1
Rapid-eye-movement (REM) duration (in min) 85.2 (25.9) 79.4 (26.1) 90.3 (31.2) 80.9 (32.3) 0.6 0.3 0.6
REM % 20.6 (5.3) 21.1(6.2) 22.6 (5.9) 19.4 (7.1) 0.8 0.4 0.03
Non-rapid-eye-movement (NREM) duration (in 
min) 325.9 (31.5) 299.6 (58.9) 319.7 (45.6) 290.4 (55.2) 0.3 0.02 0.7

Sleep efficiency (%) 86.1 (5.9) 88.1 (6.1) 85.6 (5.3) 90 (4.9) 0.9 0.07 0.2
Awakenings (in min) 24.6 (5.5) 21.3 (8.5) 22.5 (3.6) 20.5 (6.2) 0.4 0.2 0.2
Latency to persistent sleep (LtPS) (in min) 17.5 (8.2) 21 (12.4) 23.7 (12.6) 15.2 (7.1) 0.8 0.3 0.003
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Table 3: Group differences in macronutrient intake at baseline, as measured by the Food Frequency 

Questionnaire (FFQ) within the microbiome cohort(n=22). 

*Non-Starch Polysaccharides (NSP), **all dietary Fiber including total amount of non-digestible 

polysaccharides, lignin and resistant starches according to the Association of Analytical Chemists 

(AOAC). Significance in dietary consumption difference between the two intervention groups was 

determined by Mann-Whitney U test or unpaired t-test with Welch’s correction), depending on 

normality. 

Placebo n=13 Saffron n=9 T/U-test 
Macronutrients

Mean SD Mean SD p-value
Energy (Kcal) 2613 832.9 1706 962.6 0.03

Protein (g) 109.1 39.18 67.09 42.07 0.01
Total fat (g) 112.5 47.86 71.1 45.3 0.051

Carbohydrates (g) 299.2 79.56 214.3 80.2 0.1
Alcohol (g) 2.36 2.5 13.6 10.6 0.02

Fibre NSP* (g) 24.28 9.47 17.69 9.12 0.1
Fibre AOAC** (g) 31.56 12.38 20.77 11.08 0.03

Total starch (g) 143.3 51.59 108 51.87 0.2
Cholesterol (mg) 382.6 148.5 309.8 131.4 0.2
Saturated fat (g) 43.23 17.58 30.53 14.51 0.09

Monounsaturated fat (g) 39.49 18.66 28.13 14.11 0.1
Polyunsaturated fat (g) 19.69 9.15 13.50 6.6 0.06

Trans fatty acids (g) 2.63 1.37 1.74 0.73 0.06
Total sugars (g) 151.7 47.17 103.3 64.27 0.02

Vitamins and minerals
Mean SD Mean SD p-value

Magnesium (mg) 451.9 164.8 301.1 179.5 0.06
Vitamin d (ug) 5.4 3.7 3.28 1.9 0.1
Selenium (ug) 78.08 32.33 59.13 43.97 0.2

Phytochemicals 
Mean SD Mean SD p-value

Carotenoids (ug) 5258 2468 5066 3869 0.9
Total Catechins (mg) 

(EGC+C+EC+EGCG+ECG+GC) 5.67 2.57 8.04 8.12 0.9

Flavonols (mg)
(Quercetin+Kaempferol+Myricetin) 7.34 4.03 5.5 3.6 0.2

Flavones (mg)
(Apigenin + Luteolin) 2.51 1.9 1.09 0.76 0.008

Flavanones (mg)
(Hesp + Nar) 13.39 12.33 7.12 9.6 0.3

Procyandins Types B1-4 (mg) 7.1 2.2 9.4 8.7 0.4
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Figures

Figure 1: CONSORT flowchart diagram. A total of 52 participants were randomly assigned to either 

the saffron (n=26) or control group (n=26).
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Figure 2: Violin plots representing differences in global PSQI score (A) and SOL duration (B) change from 

baseline, between the two intervention groups, with a greater reduction in the saffron group, indicating better 

improvement in sleep quality (p=0.017 and p=0.005, respectively). PSQI: Pittsburgh Sleep Quality Index; 

SOL: Sleep Onset Latency.
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Figure 3: Impact of saffron on microbiota diversity and abundance. A) Relative abundance of 

microbiota at the phylum level. B) Alpha diversity as analysed using chao1 and Shannon diversity 

metrics. C) PCoA of beta diversity measured by Bray-Curtis analysis. D)  Linear discriminant analysis 

of effect size analysis (LEfSe; LDA>2, FDR<0.05) comparing placebo and saffron groups at follow-up 

at the genus level. E) Univariate analysis using the Wilcoxon rank-sum test comparing (i) placebo and 
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saffron at follow-up or (ii) the Wilcoxon signed-rank test for comparing the saffron group only at 

baseline and follow-up. BL: baseline; FU: follow-up.
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Figure 4: Heat map showing correlation results between (A) subjective and (B) objective sleep 

parameters and bacterial abundance at the genus level in the saffron versus placebo groups. P values for 

significance are presented as p<0.05 (*), p<0.01 (**) and p≤ 0.001 (***).     
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The 16S rRNA gene sequence data have been deposited in the NCBI BioProject database 

(https://www.ncbi.nlm.nih.gov/bioproject/) under accession number PRJNA998744 

(https://dataview.ncbi.nlm.nih.gov/object/PRJNA998701). Other original data will be made available 

from the corresponding author on reasonable request.
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