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Abstract: Gut microbial dysbiosis have been linked to frailty in elderly, yet the presence of fungal communities

and their possible association with host health are little understood. This study attempts to identify gut mi-
crobial fungal associations with the progression of atherogenic dyslipidemia in a population of older adults
by investigating the interplay between dietary intake, gut mycobiome composition, plasma and fecal
metabolome and anthropometric/body-composition measurements of 99 Danes aged 65 to 81 (69.57 + 3.64)
years. The gut mycobiome composition were determined by high-throughput sequencing of internal tran-
scribed spacer (ITS2) gene amplicons, while the plasma and fecal metabolome was determined by GC-MS.
The gut microbiome of the subjects investigated is home to three main eukaryotic phyla, namely Ascomyco-
ta, Basidiomycota and Zygomycota, with genera Penicillium, Candida, and Aspergillus being particularly
common. Hypertriglyceridemia was associated with fewer observed fungal species, and Bray-Curtis dissim-
ilarity matrix-based analysis showed significant (p < 0.05) clustering according to fasting levels of circulating
plasma triglycerides (Tg) and very low-density lipoprotein (VLDL) cholesterol fasting levels, respectively.
Higher levels of Tg and VLDL cholesterol significantly associates with increased relative abundance of ge-
nus Penicillium, and Saccharomyces likely mediated by a higher dietary fatty acids intake (p < 0.05), and Sac-
charomyces, Debaryomyces, Candida, Agaricus and Starmerella were moderately associated with SCFAs groups.
Collectively, these findings suggest that gut mycobiome dysbiosis on older adults is associated with hyper-
triglyceridemia, a known risk factor for development of cardiovascular disease.

Keywords: older-adults; hypertriglyceridemia; dysbiosis; gut mycobiome; metabolome; triglycer-
ide; VLDL; short-chain fatty acids; and diet.

1. Introduction

Age is known as a dominant cardiovascular disease (CVD) risk factor in both
older men and women, including other multiple disorders such as atherosclerosis [1],
obesity [2], hypertension [3], dyslipidaemia [4], and hypertriglyceridemia [5]. Despite

the close association with genetics and other health disorders, the interactions be-
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tween nutrition and gut microbiome are increasingly recognised for their contribution
to CVD development [6], [7]. Gut microbiota (GM) dysbiosis has previously been found
to be associated with frailty in elderly people as well as being a risk factor for metabol-
ic disorders [8]—-[13] and other diseases like cancers [14], [15]. Thus, maintaining a di-
verse core gut microbiome has been proposed as a possible approach for embracing
healthy ageing [16]—-[18].

Research on the GM of elderly has primarily focused on the bacterial compo-
nents, largely ignoring fungi, archaea and viruses [10], [19]. Previous studies have
characterized human gut fungal communities from diverse age groups [20]-[23]. The
fungal component of the gut microbiome of healthy individuals has been reported to
be dominated by Saccharomyces, Malassezia, and Candida [21], [24], [25]. Moreover,
colonisation of opportunistic fungal pathogens in the gut can induce dysregulation
of host immune responses thereby influencing the disease prognosis. Recent studies
show that fungi have significant effects in the gut milieu despite their small proportion
in number as compared to bacteria [26]. Gut mycobiome dysbiosis; which refer to an
imbalance microbial community composition, including symbiont loss, pathobiont or
opportunist outgrowth, altered inter-microbial competition, and disturbed microbial
diversity of the gut mycobiota, has been associated with irritable bowel syndromes
[27], autoimmune [28], obesity [22], cancers and carotid atherosclerosis [29]. Howev-
er, the role of the gut mycobiome in developing hypertriglyceridemia among the age-

ing population has often been neglected.

To date, the best-known mechanism by which the elevation of triglycerides
(Tg) and very low density level (VLDL) cholesterol levels have been associated with
subclinical atherosclerosis and dubbed as independent risk factors for CVD [30]. Sever-
al large studies suggest that hypertriglyceridemia due to increased Tg levels is related
to increased levels of remnant lipoproteins in promoting atherogenesis [31], [32]. Pre-
vious study shown that high-fat diet feeding result in an increased proportion of lipo-
polysaccharide-containing microbiota in the gut [33] and involved in secreting and syn-
thesizing bioactive metabolites that affect the accumulation of postprandial lipopro-
tein [34]. Inevitably, the microbial metabolites are transferred to distant sites through
blood circulation system and influence the occurrence of hypertriglyceridemia [35]—
[37].

Currently, a high-throughput sequencing approach is becoming important for
studying complex microbial community in various ecological setting, and capable to
sequence thousands to millions of base pairs in a short period by targeting 18S rRNA,

ITS1 or/and ITS2 [38], [39]. The recent effort in improving sequencing methods and da-
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82 tabases, it is feasible now to describe the non-culturable fungal populations [40].

83 Here, we comprehensively explored the gut fungal composition, dietary intake,

84 plasma metabolome, and anthropometric/body-composition measurements among
85 older adult Danes that associated to hypertriglyceridemia. We observed that the fe-
86 cal mycobiome dysbiosis is strongly associated with elevated of Tg and VLDL choles-
87 terol levels. Collectively, these findings provide a new insight for a noninvasive ap-
88 proach in diagnosis and predicting hypertriglyceridemia, and suggest that manipula-
89 tion of gut mycobiome communities might be a novel target in the treatment of ath-
90 erosclerotic CVD in the near future among the elderly.

91 2. Materials and Methods

92 2.1 Study Design and Participants Recruitment

93 Participants for this study consisted of 99 elderly Danes from the Counteract-
% ing Age-related Loss of skeletal Muscle mass (CALM) cohort that recruited in the Great-
95 er Copenhagen area through local newspapers, magazines, radio programs, social me-
9% dia, and presentations at senior centers and public events. The details about the inclu-
97 sion criteria has been described elsewhere [41]. All experiments were performed in ac-
98 cordance with the Declaration of Helsinki Il and approved by The Danish Regional

99 Committees of the Capital Region (number H-4-2013-070) and with informed consent
100 from all participants, registered at ClinicalTrials.gov (NCT02034760). All data are pro-
101 tected under Danish Data Protection Agency 2012-58-0004 — BBH-2015-001 I-Suite.

102

103 2.2 Sample Collection and Processing

104 After the recruitment, every participant will deliver the fecal samples in an insu-
105 lated bag with freezing elements to Bispebjerg Hospital, Copenhagen, Denmark, within
106 24 hours and stored at -60 °C until further analysis. Prior homogenisation, the raw fecal
107 samples were thawed at 4 °C, resuspended in autoclaved Milli-Q water (1:2 feces/water)
108 for 1 min at high speed (Lab Seward, BA7021). The homogenized fecal samples were

109 aliquoted in 2 mL vials for usage in this study. For gut microbiome characterization, 200
110 mg of the fecal pellet was recovered for DNA extraction using the standard protocol

111 from the PowerSoil® DNA Isolation Kit (MOBIO Laboratories, Carlsbad, CA, USA) sup-

112 plemented with a bead beating step (FastPrep) to enhance cell lysis. Quality and con-
113 centration of isolated DNA was measured using NanoDrop 1000 Spectrophotometer

114 (Thermo-Fisher, DE, USA), and was stored at -F20 °C until later use.

115
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116 2.3 The internal Transcribed Spacer 2 (ITS2) Amplification and Sequencing

117 The gut mycobiome composition was determined using lllumina MiSeq

118 amplicon-based sequencing of ITS2 gene regions with adapters compatible for the

119 Nextera Index Kit® (Illumina, CA, USA). For the library preparation, the primers ITS3_F:
120 5-TCG TCG GCA GCG TCA GAT GTG TAT AAG AGA CAG GCA TCG ATG AAG AAC GCA GC -
121 3’ and ITS4_R: 5'- GTC TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA GTC CTC CGC TTA
122 TTG ATA TGC -3’ [38] were used to cover ITS2 regions. While the first polymerase chain
123 reaction (PCR) was performed on a SureCycler 8800 (Agilent Technologies, Santa Clara,
124 USA) using the following temperature profile: denaturation at 95 °C for 5 min; 33 cycles
125 of 95 °C for 20's, 56 °C for 30 s and 68 °C for 45 s; followed by final elongation at 68 °C
126 for 5 min, the barcoding was performed at 98 °C for 1 min; 12 cycles of 98 °C for 10s, 55
127 °C for 20 s and 72 °C for 20 s; elongation at 72 °C for 5 min during the second step of

128 PCR. Amplicon concentrations was determined using Qubit® dsDNA BR Assay Kit (Life
129 Technologies, CA, USA) using a Varioskan Flash Multimode Reader (Thermo Fischer Sci-
130 entific, MA, USA) at 485/530 nm. Samples were pooled in equimolar concentrations and
131 sequenced on a MiSeq platform (lllumina, CA, USA) using the V3, 2x250bp MID pair-

132 ended kit chemistry.

133 2.4 Analysis of High-throughput Amplicon Sequencing

134 The raw paired-end reads of ITS2 amplicons data were adapter-trimmed and

135 overlapped using fastp v0.21 [42]. Forward and reverse primer sequences at the 5" and
136 3’ ends of the merged reads were removed, respectively, using cutadapt v1.18 [43]. The
137 merged and primer-trimmed reads were denoised with dada2 [44] within the QIIME2
138 v.2021.4 [45]. The ITS2 sequences were searched against the NCBI Fungal ITS database
139 [40] followed by consensus-based classification using the QIIME2 v2021.4 classify-

140 consensus-blast pipeline [45]. Both ASV table and taxonomic classification table were
141 exported using QIIME2 tools into tab-separated values (.tsv format) and manually for-
142 matted to generate MicrobiomeAnalyst-compatible input [46] with minor modifications
143 [39].

144

145 2.4 Clinical Parameters, and Metabolome Data

146 Phenotypic and blood clinical parameters, short-chain fatty acids (SCFAs), 3-days
147 weighted dietary records have been reported previously [47]. These data were used to
148 associate with the gut mycobiome component in the present study.

149
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150 2.5 Bioinformatics and Statistical Analysis

151 The amplicon data was statistically analyzed using the Marker-gene Data Profiling
152 (MDP) module in MicrobiomeAnalyst [46], [48]. In brief, the Amplicon Sequence Variant
153 (ASV) table, taxonomy table, and metadata were uploaded to the server. The features
154 were filtered using a 20% prevalence mean and 10% variance based on the interquartile
155 range before being normalized using cumulative sum scaling (CSS) [49]. Alpha diversity
156 was measured based on the Chaol and observed species number metrics with a T-test
157 statistical test, while beta diversity was calculated using analysis of similarities (ANOSIM)
158 based Bray-Curtis distance index, with p< 0.05 deemed significant. Following that,

159 EVenn was used to construct Venn diagrams and networks of the core microbiome to
160 depict the shared core mycobiome amongst groups [50].

161 For multivariate analysis, the correlation between the relative abundance of

162 fungi at genus level and variables ([mycobiome and macronutrients], and [mycobiome
163 and metabolites]) on data (hypertriglyceridemia and normal Tg levels) was predicted us-
164 ing Principle Component Analysis (PCA) biplot and correlation heatmap from factoextra
165 version 1.0.7 (https://github.com/kassambara/factoextra/) and GGally version 2.1.2

166 (https://github.com/ggobi/ggally) from, respectively with minor modifications [51]. The
167 significance of Pearson correlation coefficients greater than 0.5 was analyzed by using a
168 two-sided Pearson correlation test with cor.test function at a significance level of 0.05.
169 The significant analyses for macronutrients and metabolites datasets were selected to
170 visualize their distribution between two groups of individuals using boxplots from the
171 ggplot package. All the above statistical analysis was performed using R statistical soft-
172 ware version 4.2.0. A two-tailed one-sample T-test was carried out to examine the sig-
173 nificance of macronutrients and metabolites towards the study group via GraphPad

174 Prism version 9.4.1 (GraphPad Software, San Diego, California USA). For all statistical

175 tests, unless stated otherwise, a value of p < 0.05 was considered as statistically signifi-
176 cant.

177 3. Results

178 3.1 Clinical Characteristics of Healthy Older Danish

179 In this study, a total of 99 home-dwelling rather sedentary elderly Danes above
180 the age of 65 years without any known diseases were enrolled in the CALM study [41].
181 At baseline, the blood parameters and anthropometric measurements were determined
182 in order to access the trajectory in healthy ageing among older persons. Generally, all
183 the participants had no systemic disease, did not receive any treatment with drugs that

184 affected glucose and lipid metabolisms, nor did they take antibiotics [41]. In this study
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we stratified the participants according to a newly proposed cut-off of fasting Tg levels;
Tg > 1.70 mmol/l among the elderly [52], [53] defining a group of blood plasma hyper-
triglyceridemia (Hypertriglyceridemia, N = 30) and a normotriglyceridemia (Normal Tg, N
=69). Here, Hypertriglyceridemiagroup displayed the typical features of these pheno-
types in comparison with NG group, such as significantly higher BMI (p = 0.003), higher
blood pressure; diastolic (p = 0.05), higher lipid profiles; total cholesterol (p =0.001),
HDL (p < 0.001), LDL (p = 0.02), and VLDL (p = 0.001), and glucose metabolism; OGTT (p =
0.009), Hemoglobin Alc (p = 0.021), and Proinsulin C-peptide (p < 0.001) when com-
pared using Welch t-test. Nevertheless, age and fasting glucose did not present signifi-
cant differences between the Hypertriglyceridemia and Normal Tg groups (Table 1).
Table 1. Demographics of the study participants.
Hypertriglyceridemia -value
Features Overall Normal Tg Group ypertiigly Py
Group
Sample size N=99 N =69 N=30 -
Age (years) 69.57£3.64 69.27 + 348 7027 +3.94 0.106
BMI (kg/em?) 2543 +345 24.81 +329 26.87 +343 0.003*
Blood pressure
Systolic (mmHg) 143.37 £19.74 142.86 £21.37 144.57 £15.54 0.347
Diastolic (mmHg) 84.95 +10.74 83.79 +10.03 87.67 £11.97 0.050*
Blood Lipid profiles (mmol/L)
Total cholesterol 572+0.93 5.54 + 0.89 6.14£0.91 0.001*
HDL-cholesterol 1.80+ 049 192+046 1.50+043 <0.001*
LDL-cholesterol 323090 3.12+0.86 3.53+0.96 0.020%*
VLDL-cholesterol 0.66 +0.30 051+0.14 1.04+0.24 <0.001*
Fasting Tg 1.50+0.76 1.11+0.30 2.43+0.72 0.080
Blood Glucose Profile (mmol/L)
Fasting glucose 5.41+0.51 5.37+043 5.51+0.59 0.115
OGTT 120 glucose 6.75+1.63 6.50+1.60 7.35+1.57 0.009*
Haemoglobin Alc 35.6+3.15 35.19 £3.21 36.57 +2.81 0.021*
Proinsulin C-peptide (pmol/L) 707 £278 623.27 £213 916.46 £314 <0.001*

Notes * p-values are from Welch t-tests for continuous variables, between two groups of Tg levels. Tab p - values <

0.05 considered significant. Abbreviations; BMI — Body Mass Index, HDL — High Density Lipoprotein, LDL — Low

Density Lipoprotein, VLDL — Very Low Density Lipoprotein, Tg — Triglycerides, and OGTT — Oral Glucose Tolerance
y Lipop y y Lipop g gly

Test

3.2 Fungal Community Composition and Diversity in Hypertriglyceridemia and Normal

Tg Groups

Overall, a total of 99 fastq files were generated from lllumina Miseq sequencing

and obtained 7,830,381 high-quality ITS2 sequence reads, with an average of 79,094


https://doi.org/10.1101/2020.04.16.044693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044693; this version posted October 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

204 reads per sample (min = 2832, max = 481718). The mapped sequence reads yielded

205 1712 ASVs belonging to 3 phyla, 16 classes, 35 orders, 54 families, 82 genera, and 104
206 fungal species. It is important to note that the sample size for each analysis may vary

207 owing to missing data in certain parameters (VLDL levels, macronutrients, metabolites),
208 as a consequence of individuals dropping out of the study.

209 The taxonomy bar plots revealed that Ascomycota dominated both hyper-

210 triglyceridemia (n=30) and normal Tg (n= 69) groups, accounting for 96% and 99% of to-
211 tal ASVs, respectively (Figure 1A). Both groupings mainly consisted of Penicillium, Sac-
212 charomyces, Geotrichum, and unclassified Ascomycota at the genus level (Figure 1B).

213 Penicillium had the highest proportion in hypertriglyceridemia, contributing to 54.7% of
214 total fungi abundance, followed by 20.7% of Saccharomyces. Meanwhile, the normal Tg
215 group included more Saccharomyces (31.7%) and Geotrichum genera (30%), accompa-
216 nied by various fungal genera in minor abundance. Additional information regarding

217 fungi composition can different taxonomy levels can be found in the supplementary sec-
218 tion (Figure S1, Table S1).

219 The alpha and beta diversity measured the fungal diversity within and between
220 the communities, respectively. The richness of fungi communities was significantly

221 higher in normal Tg than in hypertriglyceridemia, as evidenced by observed species

222 number and Chaol estimator in alpha diversity analysis (both p=0.0123, T-test=-2.5671;
223 Figure 1C). In addition, the ANOSIM-based Bray-Curtis distance index in beta diversity
224 analysis indicated significant differences in fungal population between hypertriglyc-

225 eridemia and normal Tg groups (p< 0.008, [ANOSIM]R=0.1049). The differences be-

226 tween the fungal communities in two different groups were illustrated in the principal
227 coordinate analysis (PCoA) 3D plot (Figure 1D). On the other hand, the clustering analy-
228 sis highlighted the distribution pattern of the fungal genus based on the Pearson corre-
229 lation coefficient. According to the bar plot, Pichia, Kurtzmaniellahia, Cophinforma, Tau-
230 sonia, Clavispora, Hanseniaspora, Saccharomyces, Teunomyces, and Agaricus genera

231 found abundant in normal Tg levels, whereas Penicillium was moderately correlated

232 with hypertriglyceridemia (Figure S3). The differential abundance analysis of the me-

233 tagenomeSeq model with zero-inflated Gaussian distributions revealed that Penicillium
234 was significantly prevalent in hypertriglyceridemia (p-value=0.001, FDR=0.006314; Fig-
235 ure 1E), whereas Pichia (p-value=1.68e ™%, FDR=2.65¢ ") and Saccharomyces (p-

236 value=0.005, FDR=0.012) were enriched in normal Tg levels (Figure 1F). The complete
237 metagenomeSeq analysis can be found in Table S3, with a False Discovery Rate (FDR) ad-

238 justed p-value < 0.05 considered significant.


https://doi.org/10.1101/2020.04.16.044693
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.04.16.044693; this version posted October 25, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

A
0 25 50 75 100
Relative abundance
Phylum - p___Ascomycota - p__Basidiomycota p___Mucoromycota
B
normat |l S D
0 25 50 75 100
Relative abundance
- a__ Pemicillivm - a___Agancus <] Teunomyces
- a Saccharomycoes a Starmersila - <] Cladospoarium
Saenus O___ Geotrichum - d___ Metschnilkowia - =] Aureobasidium
- =] unclassified Ascomyoota - [=] Rhodotorula [+] Talaromycos
- g___ Candida Othars o___ MNMakaseomyces
- [= 1 Aspergillus - [=1 rucor 0 vunclassified Didymellaceas
- a_ Dabaryormyces - o___ _MNaganishia w___ MMartiniozyima
C Observed Chao1 D
- - o
30 1 30 R . .3
- - - 52 o=
o
O.1
20 T 20 i £
o4 0.
Y o - =] £ oa
10 L3 10 - —o.2
; % ? ®
o
Legend
E:EI ® Hypertriglyceridemia
EEEI ® MNormal
E g_ Penicillium F g_Saccharomyces
Tg level
§ E * Hypertriglyceridemia
10 SO
g E * MNormal
=] =]
= 4._

239

240  Figure 1: Profiling of gut mycobiome linked with Tg levels using ITS 2 gene region. The identified taxa at the A) phy-
241 lum; and B) genus levels were expressed as percentage abundance in merged samples. Only the top 20 genera are
242 shown at the genus level, with the remainder classified in Others. C) Alpha diversity analysis using observed species
243 number and Chaol indices revealed significant differences in species richness at the genus level between two groups
244 (p-value=0.0123). D) Beta diversity analysis based on Bray-Curtis dissimilarity metric reveals significant variation be-
245 tween two groups (R = 0.010, p-value < 0.008). The boxplots depicted the abundance of significant fungal taxa preva-
246 lent in E) hypertriglyceridemia; and F) normal Tg levels using metagenomeSeq. The red and blue boxplots repre-

247 sented hypertriglyceridemia and normal Tg level, respectively.
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248

249 3.3 Fungal community composition and diversity in high and normal VLDL groups

250 The taxonomy distribution among high (n=29) and normal VLDL (n=67) groups
251 were relatively similar to hypertriglyceridemia and normal Tg levels groups. The fungal
252 composition was predominated by Ascomycota phyla in both groups (High VLDL=99.6%,
253 normal VLDL=96.5%), represented by Penicillium, Saccharomyces, Geotrichum, and un-
254 classified Ascomycota genera. Of these, the highest proportion of Penicillium genera

255 was detected in the high VLDL group (53.2%), whereas the normal VLDL group consti-
256 tuted a larger proportion of Saccharomyces (32.5%) and Geotrichum (28%) genera. Un-
257 classified Ascomycota had a comparable prevalence in both groups, contributing to 9.9%
258 to 11% of overall abundance in the normal and high VLDL groups, respectively. Figure S2
259 and Table S2 provide additional information on fungi composition based on VLDL levels.
260 Likewise, the observed species number and Chaol metrics reflected significant
261 differences in fungal diversity between the normal and high VLDL groups, with normal
262 VLDL exhibiting greater variation than high VLDL (both p=0.0183, T-test=2.4181; Figure
263 2C). Beta diversity using the ANOSIM approach showcased distinct fungi variation at the
264 genus level across two groups, as evidenced by the Bray-Curtis distance index with p-
265 value < 0.003 and [ANOSIM]R=0.11841 (Figure 2D). Besides, 14 out of 25 genera was
266 found to associated with normal normal VLDL levels (Figure S3). Figure 1E illustrated the
267 significant prevalence of Saccharomyces (p-value=0.003, FDR=0.018), Pichia (p-

268 value=1.07e¢®, FDR=1.07e’) and Teunomyces genera (p-value=0.0002, FDR=0.002)

269 based on metagenomeSeq analysis (Table S4).
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271 Figure 2: Profiling of gut mycobiome linked with VLDL levels using ITS 2 gene region. The identified taxa at the A)

272 phylum; and B) genus levels were expressed as percentage abundance in merged samples. Only the top 20 genera
273 are shown at the genus level, with the remainder classified in Others. C) Alpha diversity analysis using observed spe-
274  cies number and Chaol indices revealed significant differences in species richness at the genus level between two
275  groups (p-value = 0.0183). D) Beta diversity analysis based on Bray-Curtis dissimilarity metric reveals significant varia-
276  tion between two groups (R = 0.012, p-value < 0.003). E) The boxplots depicted the abundance of significant fungal

277 taxa prevalent in normal VLDL level using metagenomeSeq. The red and blue boxplots represented normal VLDL and
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278 high VLDL, respectively.

279 3.4 Core mycobiome at Tg and VLDL Levels Reveals the Interconnectedness

280 The fungal genera that were consistently present across the sample groups

281 were identified at a 20% sample prevalence. Penicillium, Saccharomyces, unclassified
282 Ascomycota, and Geotrichium genera were common in the core mycobiome detected at
283 Tg and VLDL levels. Hypertriglyceridemia had the most prevalence of Penicillium (preva-
284 lence= 0.8), followed by Saccharomyces, unclassified Ascomycota, and Geotrichium.

285 Meanwhile, Saccharomyces (prevalence = 0.8) was abundant among normal Tg groups,
286 followed by unclassified Ascomycota, Penicillium, and Geotrichum. The core mycobiome
287 based on VLDL levels was similar to Tg levels, with high VLDL matching with hyper-

288 triglyceridemia and normal VLDL matching with normal Tg groups (Figure S3).

289 A Venn network was constructed to demonstrate the connection of the core

290 mycobiome at the genus level between Tg levels and VLDL levels (Figure 3A). A total of
291 16 fungi were found in groups with normal Tg and normal VLDL levels, whereas 4 fungi
292 were common in hypertriglyceridemia with high VLDL groups. Interestingly, 12 fungi

293 were interconnected among four groups, including Penicillium, Saccharomyces, unclassi-
294 fied Ascomycota, and Geotrichium genera. Cladosporium was detected in all three

295 groups, except hypertriglyceridemia, while Tausonia was only found in the normal Tg
296 group. Besides, a Venn diagram summarized the number of core mycobiome of four

297 groups, with normal Tg and VLDL having more fungi genera (30 and 29 fungi, respec-

298 tively) than hypertriglyceridemia and high VLDL (16 and 17 fungi, respectively) (Figure
299 3B). The complete output of the Venn diagram is available in the supplementary section

300 (Table S5).
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Figure 3: Venn diagram-based analysis revealed the association of core mycobiota between Tg and VLDL levels. A)
Networks of core mycobiota shared by Tg and VLDL groups. Hyperglyceridemia shared connection with high VLDL,
while mycobiota in normal Tg levels is associated with normal VLDL. B) Venn diagram of core mycobiota composi-
tion. Hypertriglyceridemia denoted in purple, Normal Tg levels in blue, High VLDL in grey and Normal VLDL in yellow.
The number represents the number of core mycobiota belong to each group. The numbers shown in overlapping
regions represent the number of shared fungi. Notice that 16 fungi genera are shared between normal Tg and VLDL

levels, meanwhile 12 fungi genera are commonly shared with all groups.

3.5 Correlation Analysis of Fungal Communities with Macronutrients among Hyper-

triglyceridemia Individuals

The association between macronutrients and fungal communities in hypertriglyc-
eridemia and normal Tg groups was analyzed using PCA analysis. The first two principal
coordinates (Dim1=19.7%, Dim2= 11.1%) described the variability in macronutrients
and mycobiome between the hypertriglyceridemia and normal Tg groups. As illustrated
in Figure 4A, the macronutrients, particularly polyunsaturated fatty acids, monounsatu-
rated fatty acids, fat, protein, sugars, carbohydrate available, saturated fatty acids, and
dietary fiber, were grouped together and intimately linked. In the meantime, legumes,
vegetable oil, alcohol, butter, and other fat, as well as fungal communities, were iso-
lated from the clustered groupings and weakly correlated with one another. Significant
clustering of hypertriglyceridemia and normal Tg groups was observed, with ellipses
overlapping between the two groups. Hypertriglyceridemia groups were distributed
around fatty acids groupings, while normal Tg groups encompassed a broader range of
macronutrients. The correlation heatmap depicted the degree of Pearson correlation
coefficient between macronutrients and mycobiome, revealing a significant strong posi-
tive correlation between macronutrients (p< 0.05; Figure 4B, Table 1). While legumes
were strongly correlated to the genus Agaricus, other dietary elements such as dietary

fiber and fatty acids have no significant association with mycobiome profiles.

To further explore the effect of macronutrients among hypertriglyceridemia and
normal Tg groups, the significant macronutrients were chosen to visualize the contribu-
tion of macronutrients in calories (Cal kg body weight™ day™) among the two groups.
The high calories intake indicated the high energy intake, with carbohydrate available
(195£6.479) ranking first, followed by protein (82.0412.539), fat (72.9713.096), sugars
(64.73+3.085), dietary fiber (24.43+0.857), saturated fatty acids (23.55+1.214), mono-
saturated fatty acids (21.42+1.291), alcohol (16.48+1.544), and polyunsaturated fatty
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Table 2 Pairwise comparison of macronutrients and mycobiome with a Pearson correlation coefficient greater than

acids (10.15+0.624) (Figure 4C; Table S6). All the macronutrients tested showed signifi-

cant differences with p< 0.0001.

0.5.

Variablesl Variables2 Correlation coefficient (r >0.5)  Pearson (p<0.05)

Fat Protein 0.6 3.31E-11
Saturated fatty acids 0.8 1.86E-20
Monosaturated fatty acids 0.8 1.08E-19
Polyunsaturated fatty acids 0.6 3.14E-09

Sugars Carbohydrate available 0.7 4.93E-14
Carbohydrate available 0.7 2.33E-11

Saturated fatty acids Monosaturated fatty acids 0.6 8.22E-10

Monosaturated fatty ac- Polyunsaturated fatty acids 0.6 2.60E-08

ids

Legumes Agaricus 0.9 2.49E-33

Candida Metschnikowia 0.6 1.68E-10
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344

345  Figure 4: Multivariate statistical analysis of dietary nutrients with the top ten fungi genera. A) Biplots of principal

346 component analysis (PCA) demonstrated the explanatory variables as vectors (black lines) and points. Blue circles
347 represent hypertriglyceridemia and yellow triangles, normal Tg levels. The ellipses indicated the grouping. Positively
348 correlated variables have vectors pointing in the same direction, while negatively correlated variables have vectors
349  pointing in opposite directions. B) The strength of association between fungi genera and variables was expressed as
350 Pearson correlation coefficient in correlation matrix, represented by the colour strength and the numerical value.
351 Positive correlation is shown by red while negative correlation is denoted by blue. C) Boxplots described the type of
352 macronutrients linked with the of distribution of calories (Cal kg body weight ™ day ™). One-sample t-test determined

353 that each macronutrient has a different population mean (p < 0.05).

354 3.6 Correlation Analysis of Fungal Communities with SCFAs among Hypertriglyceride-

355 mia Individuals
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The association between targetted metabolites and fungal communities in hyper-

triglyceridemia and normal Tg groups as depicted in Figure 5A, with all SCFAs (acetic

acid, propionic acid, isobutyric acid, butyric acid, isovaleric acid, and valeric acid)

grouped and closely related together. The mycobiome was extensively scattered and

was unlikely to connect with the targetted metabolites. Likewise, the two groups over-

lapped in that they both covered Penicillium, Saccharomyces, and Geotrichum. Despite

that the correlation matrix heatmap indicated a strong positive correlation among SCFAs

and mycobiome, but no obvious association was identified between them (p< 0.05; Fig-

ure 5B, Table 2).

Furthermore, the concentration of SCFAs on triglyceride levels was also examined.

Acetic acid (7.8+0.325) was the most abundant in both groups, followed by butyric acid

(1.636+0.106) and propionic acid (1.727+0.081), with normal Tg groups having a higher

concentration than hypertriglyceridemia groups (Figure 5C). All the SCFAs exhibited sig-

nificantly different means, as evidenced by a one-samples T-test with p< 0.0001 (Table

s7).

Table 3 Pairwise comparison of metabolites and mycobiome with a Pearson correlation coefficient greater than 0.5.

Variablesl Variables2 Correlation coefficient (>0.5) Pearson (p<0.05)
Acetic acid Propionic acid 0.7 3.245557e-16
Butyric acid 0.8 1.002635e-19
Propionic acid Isovaleric acid 0.6 0.001434186
Isobutyric acid Isovaleric acid 1 2.584355e-55
2-Methylbutyric acid 1 6.412354e-52
Isovaleric acid 2-Methylbutyric acid 1 8.682254e-71
Valeric acid 2-Methylbutyric acid 0.6 2.375447e-12
Isovaleric acid 0.7 9.395219e-16
Butyric acid 0.6 1.283421e-11
Isobutyric acid 0.8 8.91927e-19
Propionic acid 0.6 2.565943e-12
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Figure 5: Multivariate statistical analysis of metabolites with the top ten fungi genera. A) Biplots of principal compo-
nent analysis (PCA) demonstrated the explanatory variables as vectors (black lines) and points. Blue circles represent
hypertriglyceridemia and yellow triangles, normal Tg levels. The ellipses indicated the grouping. Positively correlated
variables have vectors pointing in the same direction, while negatively correlated variables have vectors pointing in
opposite directions. B) The strength of association between targetted metabolites and fungi genera was expressed
as Pearson correlation coefficient in correlation matrix, represented by the colour strength and the numerical value.

Positive correlation is shown by red while negative correlation is denoted by blue. C) Boxplots depicted the concen-
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384 tration of SCFAs among hypertriglyceridemia and normal TG individuals. One-sample t-test determined that each

385 SCFAs has a different population mean (p < 0.05).

386 4. Discussion

387 The causes of hypertriglyceridemia among the elderly can be a result of interac-
388 tions between genetic precursors [54], non-genetic factors such as unhealthy lifestyle
389 [55], diseases related to metabolic syndromes [56], usage of some types of medicine

390 [57] and high-fat diet [58]. Epidemiological studies consistently demonstrate strong as-
391 sociations of plasma Tg levels that causing hypertriglyceridemia, with risk of atheroscle-
392 rotic CVD [59], [60]. Most fungal species detected in gut mycobiome studies are consid-
393 ered transient components of the community, and putative of environmental origin, in
394 particular influenced by food-borne fungi and life-style [61], [62], together with other
395 factors such as age, gender and geographical setting [16], [20], [63]. However, due to
396 the dearth of information related to gut mycobiome studies, little is known about its re-
397 lationship with fecal metabolome and other factors such as environmental effects, diet
398 and life style [64] that may lead to hypertriglyceridemia. Here, we present data showing
399 an association between gut mycobiome dysbiosis and hypertriglyceridemia in a homo-
400 geneous and well-characterized healthy cohort of older Danish adults.

401 Collectively, we found that the richness of the gut mycobiome among the studied
402 population was low within individuals with Saccharomyces and Pichia genera being

403 common among healthier older Danish. Previous study also showed lower alpha diversi-
404 ty of fungi community as compared to the gut bacterial community [21], [65], and de-
405 creasing throughout the course of life due to ageing [20], [23], with Saccharomyces [66]
406 and Candida [67] genera formed gut commensal. In the present study, Penicillium was
407 observed among many of the subjects, and rather predominant among high Tg and VLDL
408 groups. In contrast, previous study indicated that Cladosporium are associated with to-
409 tal cholesterol and LDL among carotid atherosclerosis in younger Spainish populations
410 [21]. A total of 30 of the included participants had Tg levels above the recommended
411 level of 1.7 mmol/L [68]—[71]. Similarly, a similar pattern of good versus unhealthy VLDL
412 cholesterol levels strongly linked to the mycobiome composition was observed. The par-
413 ticular patterns observed for both plasma lipid markers are expected, termed as

414 atherogenic lipid triad in dyslipidaemias [72], [73]. Tg and lipoprotein metabolism is

415 linked as a result of their similar physicochemical characteristics involving two major or-
416 gans such as intestine and liver [74]. In the intestine, bile acids emulsify fats into smaller
417 particles which allows lipases to breakdown Tg into fatty acids. Fatty acids can then be
418 absorbed and be used as substrates for chylomicron assembly that contributes to post-

419 prandial Tg levels. Subsequently, the gut microbiota will generate SCFAs, secondary bile
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420 acids and lipopolysaccharides [75] which activate receptors that regulate postprandial
421 chylomicron production, and absorbtion of SCFAs and bile acids into the portal circula-
422 tion. Meanwhile, the SCFA can act as substrates for de novo lipogenesis and contribute
423 to VLDL production in the liver [33].

424 Next, a host-associated core microbiome based on network analysis was conduct-
425 ed to explore common groups of fungi that were likely to be particularly important for
426 host biological function [76]. Four fungi were found to be exclusively common in

427 hypertiglyceridemia with high VLDL such as Thermomyces, Malessezia, Lasiodiplodia and
428 unclassified Didymellaceae that associated with lipase production. Mounting study

429 showed that Thermomyces [77]—[80], Malessezia [81]—[83], and Lasiodiplodia [84]—[86]
430 involves during fats and lipids hydrolysis in production of fatty acids. Another interesting
431 observation was 16 fungi were found solely in helthier groups with normal Tg and nor-
432 mal VLDL levels, which are Mucor, Saccharomycopsis, Pichia, Starmerella, Agaricus, Exo-
433 phiala, Rhodotorula, Botrytis, Martiniozyma, Entyloma, Yarrowia, Eremothecium, Zygo-
434 torulaspora, Hanseniaspora, Kluyveromyces and Teunomyces. Despite being signitures
435 of healthy gut due to long-term habitual diets and healthy host physiological states

436 [23], [88], some fungi like Mucor was reported to be abundant in the gut of non-obese
437 subjects [22], and confer protection from the risk of CVD [29]. Interestingly, 12 fungi

438 were interconnected among groups such as Penicillium, Saccharomyces, unclassified As-
439 comycota, and Geotrichium genera. This analysis showed that an upsurge in Penicillium
440 genus could be associated with hypertriglyceridemia. However, the utility of Penicillium
441 as a biomarker in predicting the progression of atherosclerosis by modulating the Tg
442 and VLDL among older adults is still unclear, and therefore, this association warrants
443 further investigation.

444 With regard to the dietary intake, the individuals from hypertriglyceridemia group
445 pose high calories intake indicated the high energy intake due consumption of higher
446 carbohydrate, protein, fat, sugars, and dietary fiber as previously reported [47] that

447 highly adhered to the recommended intake of carbohydrates and fibres [89]. However,
448 the intake of saturated and unsaturated fatty acid groups is still higher in hypertriglycer-
449 idemia. Furthermore, correlation analysis with macronutrients components support and
450 stand out the relevance of these fungal in hypertriglyceridemia. Particularly, in the case
451 of Penicillium, and Saccharomyces positively correlate with diet rich in butter, sugar, and
452 other fatty acids groups which are common indicators for higher Tg and VLDL cholester-
453 ol in circulating serum of hosts, which have been reported to be associated with signa-
454 tures in coronary atherosclerotic plaques [90], aneurysms of the carotid artery [91]. In-

455 terestingly, other fungi like Agaricus and Debaryomyces are strongly associated with
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456 legumes and moderately associated with dietary fibre, respectively. Based on another
457 strand of study assessing the risk of suboptimal intake of macro- and micronutrients, it
458 is apparent that healthy community-dwelling older Danes consumed more saturated

459 fats and alcohol than recommended by official dietary reference values [92], which is
460 common in the Western diet [93], [94].

461 SCFA have a variety of advantageous effects on the human energy metabolism, in-
462 cluding the metabolism of glucose, lipids, and cholesterol in a variety of tissue types

463 [95]. The acetic, butyric and propionic acid are significantly higher among helthier eld-
464 erly, which consistant with a study reported previously in human [10] and animal model
465 [96]. Here, we observed that acetic acid is the most predominant and moderately asso-
466 ciated with Candida, Debaryomyces, Agaricus and Starmerella. Previous study described
467 acetate and butyrate as fermentation products of the complex carbohydrates such as
468 dietary fibres, and also the main substrate for the synthesis of cholesterol [97]. The Sac-
469 charomyces, Geotrichum and Debaryomyces also were found to be moderately associ-
470 ated with other SCFAs like propionic, butyric, valeric acids. However, no significant cor-
471 relations between Penicillium and Aspergilllus, with any of the SCFAs were identified.
472 This suggests that the production of SCFAs may be driven by bacterial activities as previ-
473 ously reported [98].

474 5. Conclusions

475 To the best of our knowledge, this is the first study to demonstrate that hyper-
476 triglyceridemia among elderly is associated with gut mycobiome dysbiosis characterized
477 by overall reduction of the microbial richness and diversity as well as dysbiosis pattern
478 of the gut mycobiome structure compared to those senior citizens with normal levels of
479 circulating plasma triglycerides. These findings also highlight that the everyday diet

480 shapes the gut mycobiome and host metabolome components among the older citizens.
481 However, it remains unknown whether the microbial markers and patterns identified
482 here are also adaptable to changes in life styles and applicable to other cultures in the
483 world.

484

485 Supplementary Materials: The following supporting information can be downloaded at:
486 www.mdpi.com/xxx/s1, Figure S1: title; Table S1: title; Video S1: title.
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Fig. S1 Taxonomy summary of the fungal communities associated with Tg levels. The diagrams depicted the percent-
age abundances of fungi at the (A) class; (B) order; (C) family; and (D) species levels in merged samples. Only the top

20 features are shown at the taxonomy level, with the remainder classified in Others.
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Fig. S2 Taxonomy summary of the fungal communities associated with VLDL levels. The diagrams depicted the per-
centage abundances of fungi at the (A) class; (B) order; (C) family; and (D) species levels in merged samples. Only the

top 20 features are shown at the taxonomy level, with the remainder classified in Others.
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766  Figure S4: Comparison of core mycobiota at Tg and VLDL levels. The heatmaps displayed distribution of core
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