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Figure S1 Fine-grained networks (for module M3 composed of 463 proteins), with a comparison between
control and COVID-19 patients, visualized by Voronoi treemaps where each polygon area (node) is represented
by a protein (with its name shown), with the color metric being proportional to the overall expression level of
this protein. Activation and inhibition are denoted by arrowed warm-color and cold-color lines, respectively,
with the thickness of lines being proportional to the strength of protein interactions.



Table S1 Data structure of SNPs and disease outcomes/phenotypes for transmitters, recipients, and
the virus from the sampling strategy as shown in Fig. 1A.

Host SNP Virus Gene Phenotype
1 m
Host

Unit T->R T R e T R 1 q 1 p

1 0-1 0 AA ... O Aa A a yii ... Ypt
2 152 AA Aa ... Aa AA a a yi2 ...  VYp2
3 1-3 AA a ... Aa aa A A Y13 ...  Yp3
4 14 AA AA ... Aa Aa a a Yia ...  Ypa
5 1-5 AA Aa ... Aa aa a A Yi5 ... Yps
6 2—12 Aa a ... AA AA a A Y6 ...  Yps
7 2—13 Aa Aa ... AA Aa A a yiz7 ... Yp7
8 2—14 Aa AA ... AA aa a a yi8 ...  Yps
9 2—15 Aa Aa ... AA aa A A Y9 ... Ypo
10 3—10 aa aa ... aa AA a A Y10 ... Ypio
11 3—11 aa AA ... aa Aa A a Yz ... Ypua
12 4—8 AA aa ... Aa aa a A Yz ... Yp12
13 4—9 AA a ... Aa Aa A A Y113 ... Yp13
14 5—6 Aa Aa ... aa aa a A Y14 ... Ypia
15 57 Aa AA ... aa Aa A a Y115 ...  Ypis
16 6—17 Aa a ... aa aa a A Y116 ...  Ypi6
17 7—18 AA aa ... Aa aa A A Yz ... Ypi7
18 8—19 aa aa ... aa AA a A Y8 ...  Ypis
19 9-20 aa Aa ... Aa aa A a Y119 ...  Yp19
20 1416 AA aa ... Aa AA A a Y120 ...  Ypio

The data include three parts: (1) Host genotypes for transmitters (T) and recipients (R) at m SNPs,
(2) viral genotypes at g loci, and (3) disease outcome phenotypic values for p traits for 20 recipients.
Host genotypes are displayed in terms of T—R pairs, where — denotes the direction of transmission
from T to R in a functional unit.



Table S2 Quantitative genetic effects of genes from transmitters (T), recipients (R), and the virus

(V), which can be estimated from Table S1.

Cross-genome Combination

Genotypic Value

Genotype
No. T R \V
1 AA AA A
2 AA AA a
3 AA Aa A
4 AA Aa a
5 AA aa A
6 AA aa a
7 Aa AA A
8 Aa AA a
9 Aa Aa A
10 Aa Aa a
11 Aa aa A
12 Aa aa a
13 aa AA A
14 aa AA a
15 aa Aa A
16 aa Aa a
17 aa aa A
18 aa aa a

U111 = +ar+ar +av + laatr + laatv + laarv + lasaTRV
U110 = W+ at + ar — av + iaaTR — laaTv — IaaRv — laaaTRV
U121 = +ar +dr + av + ladTr + laaTv + idaRv + ladaTRV
H120 = p+ @t + dr — v + IadTR — laaTV — IdaRV — ladaTRV
p131 = p+ar— ar + av — laaTR + laaTv — laaRv — laaaTRV
U132 = W+ a1 — @R — av — IaaTR — laaTVv + laaRV *+ laaaTRV
po11 = p+ dr + ar + av + idatr + IdaTv + laaRv + IdaaTRV
po12 = p+ dr + ar — av + idaTR — IdaTVv — laaRv — ldaaTRV
t221 = w+dr + dr + av + iddTR + idaTv + Idarv + lddaTRV
p222 =+ dt + dr — av + iddTR — idaTVv — IdarRV — IddaTRV
po3t = p+ d1 — @R + @v — IdaTR + IdaTVv — laaRV + IdaaTRV
H232 = B+ d1 — @R — @v — IdaTR — ldaTV — laaRV + IdaaTRV
U311 = w—ar + ar + av — laaTrR — laaTv + laaRv — laaaTRV
U312 = —ar + ar — av — IaaTR + laaTv — laaRV *+ laaaTRV
ps21 = p—ar + dr + av — ladTR — laaTv + IdaRV — ladaTRV
ps22 = w—ar + dr — av — ladTR + laaTv — IdaRV + ladaTRV
U331 = p—ar—ar + av + laaTR — laaTv — laaRv + laaaTRV
U332 = W—ar —ar —av + iaaTrR + laaTv + laarv — laaaTRV

Genetic effect parameters

u...’s are genotypic values of cross-genome genotypes among transmitters, recipients, and the virus,
which are partitioned into the population mean (u), main additive genetic effects (ar, ar, av), main
dominant genetic effects (dr, dr), pairwise horizontal epistatic effects (iaatr, iadTr, IdaTR, iddTR, laaTV,
idaTv, laarv, Idarv), and three-way horizontal epistatic effects (iaaaTRv, ladaTRV, IdaaTRV, IddaTRV).

Advantages of the hypergraph model

Main additive and dominant genetic effects, ar and dr, describe how the gene from recipients
directly affects their own phenotypes, whereas main additive and dominant genetic effects, ar and
dr, describe how the gene from transmitters indirectly affects the phenotypes of recipients and main
genetic effect, av, describes how the gene from the virus indirectly affects the phenotypes of
recipients. Pairwise and high-order epistatic effects describe how genes from transmitters,
recipients, and the virus interact with each other to affect the phenotypes of recipients. A genetic
hypergraph is reconstructed by coding main direct and indirect additive and dominant genetic



effects as nodes, pairwise epistatic effects as edges, and three-way epistatic effects as hyperedges
into a hypergraph.

Traditional quantitative genetic models can only estimate effect parameters ar and dg; i.e., direct
genetic effects of genes carried by infected individuals on their own phenotypes, failing to
characterize indirect genetic effects of genes (ar and dt and av) carried by transmitters and the virus
on the phenotype of recipients. None of these models can estimate the effects of horizontal epistasis
on the phenotype of recipients. If quantitative genetic models are integrated with classic graph
theory (although there is no such an effort made in the literature), then we can only characterize
pairwise horizontal epistasis, with high-order horizontal epistasis to be unrevealed.



