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Disentangling the potential roles of the human gut
mycobiome and metabolites in asthma

Dear Editor,

Although previous studies reported associations between
gut bacterial dysbiosis and asthma,"? few addressed the gut
fungal microbiota (mycobiome) and metabolome in adult
asthma patients. Here, we firstly explored the gut myco-
biome of 21 healthy controls (HCs) and 38 asthma patients,
with 12 receiving no ICS treatment (NT) and 26 receiving
inhaled corticosteroids (ICS; Table S1, Supporting informa-
tion include detailed methodology). All participants were
omnivores. Nine and 16 patients in NT and ICS groups,
respectively, experienced allergic rhinitis. Patients on ICS
exhibited longer disease duration than those on NT. Com-
pared with HC, patients prescribed NT and ICS showed
worse lung function (decreased predicted percentage of
forced expiratory volume in 1s (FEV1%pre)). No significant
differences in species coverage were observed among the
groups. Compared with HC, patients on ICS showed signif-
icantly lower fungal richness (observed species), evenness
(Pielou_e), and diversity (Shannon) (Fig. 1A). This is
inconsistent with previously reported bacteriome results
inplying indiscriminate bacterial richness or diversity in
adult asthma patients.>* These data suggest a different
influence of asthma state on gut mycobiome and bacteri-
ome; however, validation via large-scale studies is needed.
Both the observed species and Shannon indices negatively
correlated with disease duration and positively correlated
with sputum neutrophil percentages (Fig. 1B). Principal
coordinate analysis (PCoA) using Bray-Curtis distance
observed significant clustering among all groups, indicat-
ing differing community composition (Adonis test, p =
.026; Fig. 1C; Table S2).

Figures 1D,E, and S1 showed the gut mycobiome com-
position at phylum, class, family, and genus levels. The
dominant phyla were Ascomycota, Basidiomycota, and
Mortierellomycota; the dominant genera were Malassezia
and Aspergillus. Linear discriminant analysis effect size
was used to investigate mycobiome biomarkers (discrim-
inately enriched fungi) at various taxonomic ranks. This
revealed that one class, three families, and three genera,

including Fusarium, were discriminately enriched in HC.
One phylum, one class, three families, and eight genera
(Dictyophora, etc.) were enriched in the NT group, the
polysaccharides of Dictyophora was demonstrated to have
several physicochemical and biological properties.’ In the
ICS group, one class, four families, and four genera were
enriched (Fig. 1F,G), among which Russula is a valuable,
medicinal fungus with anti-inflammatory bioactivities.®
The correlations between the mycobiome and clinical
indices showed that disease duration correlated posi-
tively with the abundance of Ganoderma, Russula, and
Senacina and negatively with the abundance of Saitozyma
and Fusarium. Sputum neutrophils (%) were positively
associated with the abundance of Mortierella, Didymella,
Saitozyma, Penicillium, and Pyrenochaetopsis (Fig. 1H).

Comparing the gut mycobiome in asthma patients
with different disease severities against HC revealed that
severe patients exhibited significantly lower fungal rich-
ness (observed species), evenness (Pielou_e), and diversity
(Shannon), and mild-to-moderate patients showed signif-
icantly lower fungal diversity (Shannon) (Fig. S2A-2D).
PCoA indicated different community compositions among
HC and patients with mild-to-moderate and severe disease
(Adonis test p = .008; Fig. S2E; Table S2).

Metabolites synthesized in the gut possess bioactivities
against diseases.” To investigate the gut metabolome in
asthma, 24 HC, and 23 and 31 patients in NT and ICS
groups, respectively, were enrolled. Patients receiving ICS
exhibited longer disease duration than those in NT group;
patient in NT and ICS groups showed worse lung func-
tion (lower FEV1%pre and FEV1/forced vital capacity) than
HC (Table S3). Orthogonal partial least-squares discrimi-
nant (OPLS-DA) analysis showed dots in dark blue clearly
separated from green dots (NT vs. HC, and NT vs. ICS)
in electrospray ionization positive (ESI+) and negative
(ESI-) modes, indicating different metabolic profiles
between HC and NT, or between NT and ICS groups
(Fig. 2A,B). With variable importance in projection >1
and p < .05, nine (ESI+) and three (ESI-) discriminate
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FIGURE 1 Estimations of gut mycobiome among healthy control (HC), NT, and inhaled corticosteroid (ICS) groups. (A) Comparison of
a diversity including species coverage, richness (observed species), evenness (Pielou_e), diversity (Shannon) metrics among HC, NT, and ICS
groups. Kruskal-Wallis test with Dunn’s post-test. *p < .05. **p < .01. (B) Heatmap showing associations between mycobiome « diversity
indices and clinical characteristics of asthma using Spearman correlation. *p < .01. **p < .001. Red indicates positive correlation; blue
indicates negative correlation. BMI: body mass index; ACQ7 score: Asthma Control Questionnaires; FEV1%pre: forced expiratory volume in 1
s percentage predicted; FEV1/FVC: forced expiratory volume in 1 s/forced vital capacity percentage; eosinophils (%): the percentages of
sputum eosinophils; neutrophils (%): the percentages of sputum neutrophils. (C) Principal coordinate analysis (PCoA) of Bray—Curtis
distance matrix analysis. (D,E) Relative abundance of dominant enteric fungi at the phylum and genus level. (F) Taxonomic cladogram
obtained from linear discriminant analysis effect size (LEfSe) analysis showing differentially abundant taxonomic clades. (G) Histogram of
the linear discriminant analysis (LDA) scores computed for taxon differentially abundant among the HC, NT, and ICS groups. Only taxa
meeting an LDA significant threshold > 2 are shown. (H) Associations between fecal mycobiome and clinical characteristics of asthma using
Spearman correlation. *p < .01. **p < .001. Only taxa significantly correlated with any of clinical indices were showed. Red indicates positive
correlation; blue indicates negative correlation. BMI: body mass index; ACQ?7 score: Asthma Control Questionnaires; FEV1%pre: forced
expiratory volume in 1 s percentage predicted; FEV1/FVC: forced expiratory volume in 1 s/forced vital capacity percentage; eosinophils (%):
the percentages of sputum eosinophils; neutrophils (%): the percentages of sputum neutrophils
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FIGURE 2 Differential metabolites, correlation analysis, and enrichment analysis in fecal samples. (A) The orthogonal partial
least-squares discriminant analysis (OPLS-DA) score plots between healthy control (HC) and NT groups in electrospray ionization positive
mode (ESI+) and negative mode (ESI-). OPLS-DA was used to reveal metabolic differentiation between groups. Cluster of dots with the same
colour represents a similar metabolic profile, a clear separation between dots with different colours represents the difference of metabolic
profiles between groups. Dark blue: HC group, green: NT group. (B) The OPLS-DA score plots between NT and inhaled corticosteroid (ICS)
groups in ESI+ mode and ESI- mode. Cluster of dots with the same color represents a similar metabolic profile, a clear separation between
dots with different colours represents the difference of metabolic profiles between groups. Dark blue: NT group, green: ICS group.

(C) Heatmap of some differential metabolites between NT and HC groups. (D) Heatmap of some differential metabolites between ICS group
and NT groups. (E,F) Correlations between the most significant differential metabolites between NT and HC groups (E), and between ICS
group and NT groups (F). Only these coefficients of p-value < .05 were shown. (G,H) The pathway analysis by MetaboAnalyst on differential
metabolites between NT group and HC group (G), between ICS group and NT group (H). Each circle is a representative of a biological
pathway, and the size of the circle is enumerated based on the importance
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Network analysis of bacteria-metabolites in fecal samples of healthy control (HC), NT and inhaled corticosteroid (ICS)

groups. Network of bacteria-metabolites were performed with Spearman correlation. Each circle (node) represents a microbial genus or

metabolites, its size represents the relative abundance. The edge colour indicates the magnitude of the distance correlation; green indicates

negative correlation and red indicates positive correlation (determined using spearman test). Upper left: HC group, upper right: NT group,

middle: ICS group. Only strong (Spearman r > .7) and significant (p < .01) correlations are displayed

metabolites were found between NT and HC groups
(Fig. 2C, Table S4). For example, sphingosine levels were
upregulated in the NT group. Sphingosine/sphingosine-1-
phosphate was considered to trigger asthma.® NT group
also possessed decreased anti-inflammatory metabolite
(e.g., vitamin A and L-fucose) levels.”'” Six (ESI-) and
three (ESI+) differential metabolites were found between
NT and ICS group (Fig. 2D, Table S5). Strong correla-
tions were found between these metabolites (Fig. 2E,F).
Additionally, Kyoto Encyclopedia of Genes and Genomes
enrichment analysis of differential metabolites revealed
apoptosis to be most affected in the NT group, followed
by necroptosis (Fig. 2G); glycine, serine, and threonine
metabolism were significantly affected in patients receiv-
ing ICS (Fig. 2H).

Fungi, bacteria, and metabolites coexist in the gut and
modulate the immune system; their interactions may
influence human health.” We previously profiled the gut
bacteriome in asthma,* we selected the same subsets
from bacterial, fungal, and metabolic analysis to establish

cross-domain associations and bacterial-fungal, bacterial-
metabolite, and fungal-metabolite co-occurrence net-
works. We detected more connections within bacterial and
fungal species, and between bacteria and fungi in the NT
group than in HC, as evidenced by the former’s higher
density (.16 vs..05) and number of edges (1010 vs. 587).
The figures were lower in the ICS group than that in NT
group (.04 vs. .16 and 362 vs. 1010, respectively; Fig. S5-S7).
Figure 3 showed that HC had a greater density of bacterial-
metabolite connections than NT and ICS groups. HC and
NT group exhibited distinct fungal-metabolite connec-
tions, whereas the networks in ICS group were markedly
low (Fig. 4), suggesting complex relationships among
bacteria, fungi, and metabolites. Moreover, the ICS treat-
ment altered bacterial-metabolite and fungal-metabolite
connections.

Our study was limited by its relatively small-sample
size, a lack of corrections for multiple testing and
racially diverse participants, and an independent replica-
tion cohort. Because this was not a randomized ICS trial



LETTER TO EDITOR

CLINICAL AND TRANSLATIONAL MEDICINE

VARVl vaSer Uiy arogpumarate

On-23-9ckc-rosgate
SudtosePropiotic-acd

ayeau 3 simpicitm
o TermmyeedOnOSBSNC-aC gy Phénol g Trichaderma
—C e o Snrosndone No-Actyieominne
o G angrart R —— O Genus Ehencda5aRREo0) ety acroly
yoy-tpleucine.; yreia alpha-F F' ese eu Plectosphaerella Ahgs-ad
Aaoiab-aca S - Lcantne
oyrne \ @ Metabolites iGsporam  Gaprolp-acd o Me(8GZ G000
. win p—— R [— i oo
I L 27210 RENE 02f-47.1080,1-Ghaosmmrgggrac. 5 i SNV vt Ciate 209 TEis(9.12B Ll g A9t . ondra
vl
ndoie /| D-Peoginc-acia rahig S-0-mimirosna o Pinuara e
. S a2 pagre-5-catoamide g I R o B - oMo g oy
R — ayopos DeomEneDL-3u b
%cetyiet aanine oo iscaymtescng L-Pipedolic-acd eoGsneDL -3 ycratybuty S——
; iy
u I am—— “ ™ v — st gleghe ™
MO ARt 250 [ - y T Rospningose L-prergaanie . \
L-Hgidne L-totioninn
/2 arasenpi) o Suogesum \ Bimetybainila rousodeychotc-ace S acgn .4 Autcaara
S\ st prriic M ——— Pyridoal-gprs RO Paimiio-acd oAby amn=03 a—Neoria 9—AUicY
Apha-paciadigEe-c = i wrosypempropanoic-ac o Tyeetys. stesinol Giycachenogeorychalate
o s FEre—— e ool Gcappomric-ac WO s Vigpiod-Apiy-Oscissanine
Alopurinol L-Tyosine Tyrset YRS -Hycronmhenyiglyci LWF 5 SR
Bet@ine’ jc-ack 1 fyar Acetylglycine
oovioire P08 N hcat-ow RisRRIC-0 ; Saocharn L-Pamiayariine Sohngarine Loscucnd \oy o i S, | o T W A
HissAsp| 0 3-Methoxy~4~H i sxeano-ecﬂ
e il Moy 4R IRE R Bty-oster ek .
Moy o_Tibegoro Haniccone a_cnlbommn " % ooy SPS0 495 0-sxpsadoncic- Haninosin
/ - Hareiyoin o myo-tosto 4 s
19-000E || - pcetyBepucosamine e \Am.s,gew iontfiho-Aca ooz | SA o Fructngod Vagero S
D Tmine S| Geokpridine 9Mortg e apha-Tocophefol-( AR e Aapeacd U 5-o-patitosc-anEuaniiiichagpoen  9—SSIUema
alpha-Farnesene X ) 3-Bujibic-acid / Pristanic-acis o= - - NervoSackd AceBine |1 8 Xeromyces W iisitons TEERR
arogrencipe-solete “ o Mjcotghaereth Cholestay-sutte Enceradd VS 9_Cystoictas
wosotér ! e { -Dectyurie copus
Lrataon N BE-vantymaec-aciaiamop R e— o_Tomenefd™® 2-fydiy-pancio-ac Bkela v Lnokoy-atbaroiaghlerdra™ P
i P5(160550)neladencsie - i A
L-casconas1a) e conRHERacetone ledbi Primaguine A PrOFAR Tamgpiosi MG
! D(-)-bela-Fycy-butyric-acidyréfhe. LR Treys ANV ValShla  CopipomphyriTuEASD ol
commgern o CangisRiRovngssera a0l RN Sidivose vonduiast Ao SRy V=Y Sl Tdecyc-ach e
Lt i “Echra g_Pseldgrot AT N P e,
L-sdibose N myo-tposiol Vaisher \ . PhesTy
o aioria Hrosieo-acss o_salbivma e Preval P/ samma-t-aadarmy SHIGRecanH -y P o oo
Gcorppasonccrioing a0 12bUnoene-acs - . g
P i o) iycerophaser ¥ e o o s " Aol Progphe A
OLiNGRaline e o_Archiortizomyces L, Lo e \ Kaemptero bt o Russula—~Gheine X
Sufioee ‘4-poetamidbbutanoale, — o fI-gigeuronide
e - [ oSyeanta e il Bosede-acd
il Moo Y/ 2s-dieptamo- LeliaMet pRv EA i OBimpic-acd, p3-Dmebpicryic-acd y DL-O-yrosine.
¥ cycichenysutamate Lysspro 20-myoray-PGF2a Unoeor-gparcami {dioso Glycyi-tstedcine 5 S ) (5-KeI-PGET
Pl ‘-AmingcyciopropBnecarboxylic-agid P 9 K 3 N St S IMGre
ium He Al ch h | ~Serine toin
DY e R ko WA e U S plstohs
me, i pistne spaiBagd  lledTr sty e i oo
o_cysolobiEilh 5 Eppocnus | 0 Tagtcs ltfafiphetamiae Arctiasorhizomyces
2-4 Pievec\ymzm a_Schizophylum 9 Cutangotfichospéeamhidonic-Acki-{peroxide-iree) Lpar - ) Capre-ac EX uyammm Jelic-goidimphinereuEThr ame.cis-0,10-EROXYstearic-acd
o Tatrctes ~PamitayCarmiting eyl m.é incoylsutate N Ma-ackd
Croleaoane Androstendione Indoxytssulateapiia/-Das)-Talose. i \ s
[ S Acetyigamitine “ayatéin N-ReMgieapiie yoroRyrbenNRA-Suliss __Solicoccon yv.a o Lecafiollium _jearry
‘Stearidabic-Acid ch Murartie-acid 2LDsoxyinosive. \ Rbdlain | meosin pooopergeoo
OL-Metrihe-suioide s, N-Acety-tgutanate G
L-stne — 7 oiron-sesriongicada o Tomaia Pheisctygychulmincbitanoc-ac | g \tresomycgs
o Erucamide Tesal Sebatie-ac 1 Jpha L Giu-L-Asp Lot ]
lamine: @ LB famyi-L-giutamic-aci
Dlethamy 72167 192162192 Docosapentaencic-acd i Traumatio-Acid o Pihia S
o
9_Russula—y. lycolithogholic-aci g _Sebacina. itracofic-ach -homocyst
it — r Sauaene g N L o\ S
: 2 st g Ao o Secqmomyces A B
L o Kaerpiercp o_tgrepora e e ProsT, o Wt
e VA L o_F k| “Foaminocyclonexanecarbonyiozagi o
; O-amose H Fructose-tephspnate ’ o
Copropotpryrinit oo - sondptate g 50 o5
N— Aiose i 4 st e —
1-MethyipRpRtyacibace — Dl PO Hista Muraie-acd_Phialmoniopsis
Aderosine-monaphosphalo-(AMP) oo i
o_Saracasumy oy rorks
El
g s
g g
H H
g
H z
g H
{ 3
& 3

FIGURE 4 Network analysis of fungi-metabolites in fecal samples of healthy control (HC), NT and inhaled corticosteroid (ICS) groups.
Network of fungi-metabolites were performed with Spearman correlation. Each circle (node) represents a microbial genus or metabolites, its
size represents the relative abundance. The edge colour indicates the magnitude of the distance correlation; green indicates negative
correlation and red indicates positive correlation (determined using spearman test). Upper left: HC group, upper right: NT group, middle: ICS

group. Only strong (Spearman r > .68) and significant (p < .01) correlations are displayed

and non-independent variables of asthma were included
in correlation analyses, confounders may account for the
observed associations between the mycobiome and ICS
or clinical indices (e.g., asthma severity). Therefore, these
exploratory findings require validation through large-scale
studies.

In conclusion, asthma patients harboured altered gut
fungal compositions, metabolic profiles, and associated
metabolic pathways. ICS altered the mycobiome commu-
nity and fungal/bacterial-metabolite connections. Our
findings further our understanding of the gut mycobiome,
metabolome, and fungal/bacterial-metabolite associa-
tions that may be critical in asthma pathogenesis and may
therefore be therapeutic targets.
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SUPPORTING INFORMATION

Additional supporting information can be found online
in the Supporting Information section at the end of this
article.
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