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ABSTRACT

When a gene isintegrated into the chromosome, its activity depends on the genomic context.
Although this phenomenon of “position effect” was widely reported, how the integration event
affects the local environment, or the “externality” of position effect, remained largely unexplored,
let alone the mechanism or phenotypic consequence of such externality. Here, we examined the
transcriptome profiles of ~250 Saccharomyces cerevisiae strains, each with GFP inserted into a
different locus of the wild-type strain. We found that the GFP expression level and the change of
expression of genes near the integration site decreases in genomic regions with high density of
essential genes. This observation was found associated with H3K4me2 by further joint-analysis
with public genome-wide histone modification profiles. More importantly, we found that the
expression changes of neighboring genes, but not the GFP expression, exerted a significant
impact on cellular growth rate. Asaresult, genomic loci that grant higher GFP expression
immediately after the integration will have lower total yield of GFP in thelong run. Our results,
which were consistent with the competition for transcriptional resources among neighboring
genes, revealed a previously unappreciated facet of the position effect, and highlighted itsimpact
on the fate of genomic integration of exogenous genes, which has profound implications for

biological engineering and pathology of virus integrative to host genome.
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Introduction

Gene integration into the genome is amajor type of genomic alterations commonly
observed in both natural (e.g., viral integration into host genome [1], transposon [2] and
horizontal gene transfer [3]) and artificial circumstances[4]. Depending on the location of the
genomic integration, the activity of the integrated gene varies substantially [5, 6], as does the
phenotypic outcome of the integration event [7-9], a phenomenon commonly referred to as
“position effect” [10]. A classic example of position effect is the translocation of white gene of
fruit fly (Drosophila melanogaster) into heterochromatin, giving the origina solid red eye a
white and red mottled appearance[7, 8]. Recently, genome-wide studies have provided more
mechanistic details on position effects, such as the regulatory role of enhancers, gene order,
various epigenetic modifications, chromatin domains and three dimensional localization [5, 11-
13]. Itistherefore not surprising that position effects have a significant impact on the evolution
of chromosome organization [14], improvements of genetic engineering [15] and a number of
genetic diseases [9, 16].

However, despite extensive efforts to clarify the influence of position effects on the function
of focally integrated gene, much less is known about how integration events affect other genes. A
previous study has shown that integration into four different loci in yeast genome resulted in a
few changes in the transcriptional profile [12]. In addition, the separate integration into the 63
loci of yeast chromosome 1 did not cause dramatic changes in the expression level of HO locus

on chromosome 4 [17]. However, these results were derived from only on a few integration
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events or one distal gene, which might not be representative enough regarding the impacts for
genes of different linear or three dimensional distance from the integration site .

Note that our focus was on general patterns independent of gene function, just as “position
effect” isa general phenomenon regardless of the function of the integrated gene. Specifically,
does the transcriptional activity of other genes in the genome change due to the integration event?
If so, how are these changes influenced by the genomic location of the integration? Last but not
least, do these changes contribute to the phenotypic consequence of position effect?
Theoretically, integration of a gene would significantly alter the transcriptional regulation,
thereby causing changes in activity of other genes, especially those share local transcriptional
resources with the integrated gene. On the one hand, it is possible that the integrated gene
competes with nearby genes for local transcriptional resources, thereby reducing the activities of
nearby genes, such as in the phenomenon of promoter interference [18, 19]. On the other hand,
it isalso possible that the promoter of the integrated gene recruits more transcriptional resources,
such that nearby genes gain access to more transcription resources, thereby improving their
activity. These two possibilities are hereinafter referred to as “transcriptional competition” and
“transcriptional synergism”.

In this context, it is commonly accepted that the order of genesin the genome and the
transcription profiles of the wild-type strain are the result of long-term evolutionary optimization
[20, 21]. In particular, one prevailing theory proposed that, essential genes, which cause lethality

when deleted, tend to cluster on the genome, thereby forming open regions for continuous
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transcription. This non-random distribution of essential genes ensures that their expression noise,
which islikely highly deleterious when happen to essential genes, isminimized [14, 17, 22].
Based on this theory, we speculated that the density of essential geneis a proxy for the allocation
of intracellular transcriptional resources, and therefore dictates the prevalence of "transcriptional
competition" or " transcriptional synergism”.

To test our hypothesis, we conducted transcriptome deep-sequencing for ~250
Saccharomyces cerevisiae strains, which were randomly picked from a previously constructed
library with GFP reporter cassettes individually inserted into various loci across all chromosomes
[17]. We found that integration into genomic loci whose linear or three-dimensional proximity
were enriched with essential genes decreased the transcriptional activity of the integrated gene as
well as adjacent genes, which is consistent with the model of transcriptional competition. In
contrast, integration into genomic loci where essential genes were depleted increased the
transcriptional activity of the integrated and adjacent genes, which is consistent with the model
of transcriptional synergism. The observed “externality” of position effect was at least partially
explainable by H3K4me2 methylation of the surrounding genomic regions. Intriguingly, the
expression changes of neighboring genes, rather than that of the integrated gene, was correlated
with the rate of cellular growth, revealing a previously underappreciated mechanism for the

phenotypic consequence of position effect.

Results
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Transcriptome sequencing and quality control

We previously replaced the kanM X module in the heterozygous deletion strains of S
cerevisiae at hundreds of different loci across all chromosomes, with an expression cassette that
comprises the marker gene URA3 and a GFP gene driven by the RPL5 promoter (pRPL5-GFP)
[17]. To examinethe effect of thisinserted GFP cassette on adjacent genes, we randomly
selected over 250 strains from the reconstructed heterozygous deletion library and sequenced the
transcriptome of each selected strain (see Methods, Supplemental Table S1 and S2). We further
performed the following quality control steps to ensure the transcriptome datasets are
comparable againgt each other. First, we confirmed that our experiments were highly
reproducible with strong correl ations between transcriptome profiles from different biological
replicates (Fig. 1A). Second, strains with severe haploinsufficiency due to the heterozygous
deletion of endogenous genes were removed, such that only strains with transcriptome profiles of
limited deviation from the wild-type strain (Pearson’s Correlation Coefficient > 0.9) were kept
for subsequent analysis (Fig.1B). Third, we estimated for the heterozygously deleted genes the
ratio between its expression in the constructed GFP strains and that in the wild-type strain, which
was expected as 0.5. A congtructed strain was excluded from further analyses if thisratio
appeared as an outlier among all the constructed strains (Fig.1C), which ensured negligible effect
of feedback regulation over the heterozygously deleted gene. Finally, the transcriptome profiles
of the constructed strains representing 240 loci inserted with the GFP cassette were retained for

downstream analyses.
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To further corroborate the reliability of our transcriptome datasets, we compared the RNA-
seg-based MRNA expression levels of GFP with previously measured protein abundance levels
based on flow-cytometry [17]. We found that the mRNA expression is significantly correlated
with the protein abundance (Spearman’s Rank Correlation Coefficient p = 0.21, P <9 x 10",
Fig.1D). Moreover, the mRNA expression spanned a five-fold range, whereas the protein
abundance spanned a 2.5-fold range (Fig.1D). Such dlight decrease in range of expression in
protein abundance relative to that of mMRNA expression is also cons stent with known
trandlational buffering of the transcriptional variation in yeast [23]. In addition, the previously
observed effect of chromatin status [12], such as H3K4mel modification, is also significant for
the MRNA expression of GFP and the native gene (Fig.S1). Furthermore, we selected three
constructed strains and quantified the mRNA expression levels of ten genes flanking the GFP
insertion site (five on each side) by RT-gPCR. We found that the fold changes of expression
relative to the wild-type strain as measured by RT-gPCR are highly consistent with that measured
by RNA-seq (Fig.1E). Altogether, the above results indicated that our transcriptome dataset was
of high quality, and thus areliable dataset for the detection of the position effect and its potential

externality.

The externality of position effect within linear proximity
According to awidely accepted model explaining how position effect drives the nonrandom

distribution of genes along the chromosomes, clusters of essential genes signify the genomic
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region where genes could have higher transcriptional activity and lower expression stochasticity
[14, 17, 22]. In support of thismodel, we found in the transcriptome profile of the wild-type
strain that the expression level of the surrounding genes was significantly correlated with the
density of essential genes in the surrounding genomic region (Fig.2A and B). This observationis
also consistent with the expression similarity commonly observed for neighboring genes [24].
However, when we examined the expression level of GFP in the heterozygous deletion strains,
we were surprised to notice an opposite trend, where the GFP expression level was anti-
correlated with the density of essential genes (Fig.2C). Furthermore, the GFP expression level is
not related to the expression level of surrounding genes in the wild-type strain (p =-0.09, P =
0.15).

How to explain the opposite observations made with surrounding endogenous genes and the
inserted GFP gene? The magjor difference between GFP and the endogenous genes were that the
localization of the endogenous genes was presumably optimized by naturel selection, such that
endogenous genes with promoters driving high and stable expression will likely be located in a
genomic region enriched of essential genes. Whereas for the GFP, the RPL5 promoter might
face strong transcriptional competition when the local density of essential genes was high, since
essential genes should have been evolved to be transcriptionally more competitive than non-
essential genes because lowered expression of essential genes are generally more detrimental
than non-essential genes.

To test whether genomic regions with higher density of essential genes indeed have stronger
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transcriptional competition, we examined the change of expression levels due to GFP integration
for the genes surrounding the integration site. We found that as the local density of essential
genes increases, the fraction of up-regulated genes decreases (Fig.2D), while the fraction of
down-regulated genesincreases (Fig.2E). The above observations remained qualitatively
unchanged with different threshold for differential expression (Fig.S2). Moreover, the median
fold change of the expression was anti-correlated with the local density of essential genesin the
genomic region surrounding the integration site (Fig.2F). Asaresult, GFP integration at a
genomic region with high local density of essential genesled to significant down-regulation of
genes surrounding the integration site. On the contrary, the expression level of genes
surrounding the integration site will increase only at genomic regions with no adjacent essentia
gene. In other words, transcriptional synergism caused by the inserted highly expressed gene
was applicable only when there was no adjacent essential gene. Therefore, these results
suggested a stronger transcriptional competition in genomic regions with higher local density of
essential genes.

Notwithstanding, since the expression changes of the surrounding genes was apparently not
caused by the function of GFP, the above observation therefore suggested that the genomic
context of gene integration not only affects the transcriptional activity of focal integrated gene,
but also that of the surrounding genes. Such externality constituted a previously unrecognized
facet of the position effect. To determine the range of this externality, we examined different

spans of the genomic region in terms of genes flanking each side of the integrations site. We
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found that in the genomic region of up to 40 surrounding genes (20 on each side of the
integration), the local density of essential genes were still anti-correlated with the GFP
expression level, with the strongest correlation found at 18 surrounding genes (Fig.2G). For the
fraction of up-regulated genes (Fig.2H), fraction of down-regulated genes (Fig.2l), and the
median expression change of the endogenous genes (Fig.2J), the span of genomic region with a
significant externality were up to 30, 40 and 20 surrounding genes, with the most significant
externality effect appeared at 10, 28 and 16 surrounding genes, respectively. We also tried
similar analyses using genomic distance measured by kilo base pair (kbp) rather than the number
of adjacent genes, which gave rise to similar patterns (Fig.S3).

Collectively, these results suggested that the externality of position effect could potentially
influence the expression levels of tens of genes surrounding the integration site, presumably via
competition for transcriptional resources. This phenomenon therefore deserves further
investigation for its underlying mechanism and its contribution to the phenotypic consequence of

position effect.

The externality of position effect within three-dimensional proximity

The transcriptional resources were allocated not only linearly along DNA molecule, but also
three-dimensionally in so-called “transcriptional factories’ as different genomic regions fold into
specific focal sites of active transcription [25]. If the externality of position effect can indeed be

explained by the competition of transcriptional resource, we should predict similar effect for the

10
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density of essential genes in the three-dimensional proximity of the GFP integration site (Fig.3A).
We thus tested the above prediction on the basis of a three-dimensional model of the yeast
genome [26].

We found patterns similar to those observed in the linear proximity of the GFP integration
site, which were listed asfollows. First, in athree-dimensional proximity enriched with essential
genes, the expression of the adjacent genes in the wild-type strain tended to be higher (Fig.3B),
but the integrated GFP in modified strains tended to be lower (Fig.3C). Second, the density of
essential genesin the three-dimensional proximity was negatively correlated with the fraction of
up-regulated genes (Fig.3D), positively correlated with the fraction of down-regulated genes
(Fig.3E), and negatively correlated with the median expression change of genes within the three-
dimensional proximity. Third, the observed externality of position effect remained significant if
we considered different number of genes (Fig.3G-J), or physical distance (in nanometer, or nm,
Fig.$4) within the three-dimensional proximity of the GFP integration site. Fourth, athough
majority (~80%) of the three-dimensional adjacent genes were also linear neighbors of the GFP
integration site, excluding these linear neighbors did not change our conclusion on the
significance of externality of position effect (Fig.S5). Altogether, these results again supported
the externality of position effect, and suggested that such externality could be explained by the
competition for transcriptional resources impacted by the integration event, therefore expanding

our understanding of position effects.
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Contribution of histone modificationsto the exter nality of position effects

Since histone modifications can predict the expression of reporter genes[12], we
hypothesized that histone modifications are also involved in regulating the expression changes
around the integration site. We collected high-throughput sequencing-based profiles for eight
major types of histone modifications (H3K4mel, H3K4me2, H3K4me3, H3K36me3,
H3K79me3, H3K 9ac, H3K 12ac and H3K 14ac. See supplemental Table S1 and S3) in the wild-
type strain, estimated the histone modification levels for the genes around the integration site,
and compared them with the local density of essential genes and the expression level of the
integrated GFP (See Materials and Methods).

We found that in genomic regions with high expression level of GFP gene, the surrounding
genes tend to have significantly high H3K4mel and H3K4me2 signals (Fig.4A). Such patterns
is consistent with the report that H3K4mel and H3K4me2 were generally found as associated
with active transcription [27].  In addition, we found that H3K4me2 signal was positively
correlated with the fraction of up-regulated adjacent genes, negatively correlated with the
fraction of down-regulated adjacent genes, and positively correlated with the median fold change
of expression of the adjacent genes (Fig.4B). Analyses for three-dimensional proximity of the
integration site also confirmed the above conclusion (Fig.S6). These results suggested that
H3K4me2 signal could be used as a marker of the expression level of integrated gene and the
adjacent genes.

However, H3K4mel and H3K4me2 signals are significantly negatively correlated with the

12
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density of essential genes (Fig.4A), which are considered to be at high expression levels. These
observations indicated functional inter-relationships among the aggregation of essential genes,
the presence or absence of particular histone modifications and the high transcriptional
competition in the region. We then used partial correlation analysis to find out which of the three
factorsisdecisive. Asfor the GFP expression level, we found that it was not correlated with
H3K4me2 when essential gene density is controlled (Fig.4C), and it was anti-correlated with
essential gene density when H3K4me2 level was controlled (Fig.4D). These patterns suggested
that given the transcriptional activity of the focal site, the essential gene density in the
neighborhood determined the final expression level of the integrated gene, which was compatible
with the model of transcriptional competition underlying position effect.

Asfor the externality of the position effect, we found that H3K4me2 level was till
positively correlated with median expression changes of the genes within the surrounding
genomic region after controlling the local density of essential genes (Fig.4C). Conversely,
controlling H3K4me2 level will yield a non-significant correlation between density of essential
genes and median expression change of adjacent genes (Fig.4D). These results suggested that
the externality of position effect can at least be partially explained by the native level of
H2K3me2 modification level, which was presumably evolutionarily optimized to fit the local
density of essential genes, thereby creating a correlation between density of essential genes and

expression of neighboring genes.
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The Position effect of thereporter gene on thefitnessof the strain
With the externality of position effect, it is necessary to investigate the contribution of

such externality to the phenotypic consequence of position effect. We chose to measure the
single most important phenotype of yeast, i.e. fitness, by measuring the growth curve of each
constructed strain in the rich medium YPD (see Methods). Surprisingly, unlike previous reports
using multiple copies of integrated gene [28, 29], we found negligible effect of the GFP
expression on the fitness (Fig.5A), possibly explainable by the relatively small variation for the
single copy GFPsintegrated in different loci. Meanwhile, we observed a significant negative
correlation between changes in the expression of adjacent genes and fitness (Fig.5B), indicating
that the externality of position effect can have a major role in the phenotypic consequence of
position effect.

How will the externality of position effect impact the evolutionary fate of integrated gene?
On the one hand, the integrated gene (GFP in our system) would be transcribed to a higher
abundanceif it was inserted to a genomic region depleted of essential genes (Fig. 2C and Fig.
3C). On the other hand, the externality of such position effect dictated that the adjacent genes
would be more likely up-regulated (Fig.2F and Fig.3F), thereby decreasing the cellular fithessto
agreater extend (Fig.5B). Asaresult, thetotal transcriptional yield of GFP by the whole
population might be higher for strains expressing GFP in regions depleted of essential genes
(Fig.5C). But in the long run, when the growth rate of the population (fitness) istaken into

consideration, the strains expressing GFP in regions enriched of essential genes might eventually
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transcribe GFP mRNA to a higher total amount (Fig.5C). Analyses for three-dimensional
proximity of the integration site also support the above conclusion (Fig.S7). Theoretically, this
feature should give rise to atrade-off between the immediate expression of the inserted foreign
genes and its long-term population-wide transcriptional yield vialowered fitness of the cells with
the inserted gene, which was mediated by the externality of the position effect (Fig.5B), but not

by the expression of the focal inserted genes (Fig.5A).

Discussion

In this study, we determined the transcriptome profiles of ~ 250 yeast strains, each with a
GFP expression cassette integrated to a different locus of the genome. We found that the GFP
expression levels were negatively correlated with local density of essential genes within either
linear or three-dimensional proximity of the integration site. An opposite trend for the
expression level of the neighboring genes around the integration site was also revealed,
indicating previously unappreciated externality of position effect. Assuming that essential genes
were transcriptionally more competitive, the observed position effect and its externality can be
explained by competition between adjacent genes for transcriptional resources. We also found
that specific histone modifications were closely related with the position effect and its externality.
More importantly, the observed externality, but not the expression of the inserted gene, seemed to
be responsible for the phenotypic consequence of the position effect. Altogether, our results

revealed a previously unappreciated facet of the position effect, which might have profound
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implications synthetic biology and evolutionary biology, such as genetic engineering that aimed
at maximizing transcriptional yield of exogenous genes, as well as understanding the
evolutionary forces behind gene orders/distributions on chromosomes.

There were afew potential caveatsin our study that worth discussion. First, yeast contains
more than 4,000 verified genes, but only ~250 gene loci have been tested in our analyses.
Although our sampled loci were likely unbiased, future larger scale studies covering more loci
should be carried out to examine the generality of our conclusion. Second, we used the promoter
of RPL5 (ribosomal 60S subunit protein L5), which is an essential gene, to drive the expression
of GFP, and it was possible that the phenomenon presented here was promoter-specific. Third,
the three-dimensional model of yeast chromosomes we used was measured in haploid strain
rather than in the diploid strain, although dramatic differences in three-dimensional genomes of
haploid and diploid cells were unlikely [30]. In addition, if the three-dimensional genomes of
haploid and diploid cells were totally different, we should not be able to identify any statistical
significance using the three-dimensional proximity based on the haploid cells.

Results from our study highlights how the evolutionary fate of an exogenous gene
integrated into the genome will be affected by the density essential genes near the integration site.
On the one hand, if the integration event happened at alocus of high density of essential genes,
the expression of the integrated gene and the neighboring genes might be lowered due to the
strongly competitive transcriptional environment created by adjacent essential genes, meanwhile

the cellular fitness was not much influenced. On the other hand, if the integration happened at a
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locus of low density of essential genes, the integrated gene and its neighbors might have higher
expression, but the cellular fitness will be significantly decreased. Most importantly, the
expression changes of nelghboring genes have a non-negligible effect on the fitness impact of
position effect, anovel phenomenon here termed as the externality of position effect.

One common type of exogenous gene integration that occurs naturally is the integration of
vira genesinto the host genome. Previous studies mostly only focus on the direct functional
consequence of such integration [1], such as intergenic integration destroying cis-regulatory
elements, or intra-genic integration intervening transcription or even the structure of endogenous
genes. Our study suggested that integration of atranscriptionally active gene can at least impact
tens of genes near the integration site, which will likely further influence host cdllular fitness.
Such potential indirect functional consequence of the viral integration warrants further

investigation.

Methods
RNA extraction and sequencing

Each strain of the pRPL5-GFP cassette was inoculated into 5 ml of YPD medium (1% yeast
extract, 2% peptone, 2% glucose), then cultured overnight at 30 °C and 250 rpm. The saturated
culture was then returned to OD660 = 0.2 in 4 mL Y PD and growth continued at 30 °C until
0OD660 = 0.65-0.75. Total RNA was then extracted from cell lysates using the RNeasy Mini Kit

(Qiagen) according to the manufacturer's instructions. The quality of RNA was determined by
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A260/A230 ratio, A260/A280 ratio and concentration using NanoDrop. An A260/A230 ratio > 2
and an A260/A280 ratio of the range of 1.8 to 2.2 were considered acceptable. Finally, they were
sequenced in paired-end mode using HiSeq 4000 (Illumina) with aread length of 150 bp
(Supplemental Table S1). In addition, we used a PrimeScript RT reagent Kit with gDNA Eraser
(TAKARA) to reverse transcribe 1ug of total RNA into cDNA according to the manufacturer's

instructions

Calculation of RNA abundance

Yeast (Saccharomyces cerevisiae) S288C reference genome version R64-2-1 and
corresponding genome annotation were obtained from the Saccharomyces Genome Database
(SGD) [31]. To estimate the RNA abundance in each strain, we mapped the adaptor-trimmed and
quality-filtered [32] short reads to the reference genome by HISAT?2 [33]. Then transcripts per
million reads (TPM) [34] was estimated by StringTie [35] based on the mapping results, and was

then used as the gene expression levels (Supplemental Table S2).

RT-gPCR primer design and measur ement

We searched the cDNA sequences of 30 related genes and the control gene Actin (ACT1)
from the S288C reference genome version R64-2-1, and used the NCBI Primer BLAST to design
RT-gPCR primers. The RT-gPCR products were limited to 100-200 bp, melting temperature of

each RT-gPCR primer was between 58°C to 62°C (Supplemental Table $4). The concentration of
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cDNA (0.2 pL) were then measured by RT-gPCR with 10uM of forward and reverse primers
each in 96-wdll plates, using iTaq Universal SYBR Green supermix (BIO-RAD) on a Roche
LightCycler 96 Real-Time PCR Cycler machine. The cycling parameters for amplification are:
95°C for 30 seconds and 40 cycles of 95°C for 5 seconds and 60°C for 30 seconds. Signals were
normalized to that of Actin and quantified by the AACt method [36]. The resulting expression

levels were represented as mean £ S.D. of four independent experiments each ran in triplicates.

Determination of linear gene cluster

According to yeast S288C genome annotation, 5108 verified genes were selected for
subsequent data analysis. First, we grouped the yeast gene components into overlapping
windows of a specific number of consecutive genes, with a step size of 1 and the window size of
2,4,6, ... or 40. Subsequently, we counted the fraction (density) of essential genesin each
window, the median expression level of genesin this window for wild-type strains, and the
fraction of genes that were up-regulated (greater, or > 1.5 fold, or 2 fold) and down-regulated
(less, or < 66.7%, or 50%), as well as the median change in gene expression levels within that
window after inserting the GFP gene. Similarly, we set the yeast genome as overlapping
windows of a specific number of base pairs (the step size was equal to 5 kbp and the window

sizeswere set to 10 kbp, 15 kbp, 20 kbp, ... or 80 kbp) to calculate the above properties again.

Deter mination of three-dimensional gene cluster
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We used the haploid yeast 3D chromosomal architecture that was inferred through a
chromosome conformation capture-on-chip (4C) coupled with massively parallel sequencing
[26]. A file containing alist of chromosomal interactions identified from Hindlll libraries was
downloaded from the original report to infer the spatial distance between gene pairs. Each gene
window was defined as a fixed number of genes (set to 2, 4, 6, ... or 40, respectively) that are
closest (with highest interaction probability) to the focal gene. Similar to the analysis at the linear
level, we calculated the density of essential genes, the median expression level of genesin wild-
type strains, the fraction of genes that were up-regulated and down-regulated, and the median
change in gene expression levels within each window after inserting the GFP reporter gene.
Besides, we set the distance from the GFP insertion siteto 1, 2, 3, ... or 15 nanometer

respectively as the window size to calculate the above properties again.

Calculation of histone modifications

We downloaded high-throughput sequencing data in wild-type yeast on 8 types of histone
acetylation and histone methylation (H3K4mel, H3K4me2, H3K4me3, H3K36me3, H3K79me3,
H3K9ac, H3K 12ac and H3K 14ac) on Sequence Read Archive (SRA) (Supplemental Table S1).
By applying a pipeline smilar to the one we used to quantify RNA abundance, we calculated the
histone modification levels (i.e., abundance of short reads from high-throughput sequencing
targeting specific modifications) of the 200 bp region starting 200 bp upstream of the start codon

of each endogenous gene (Supplemental Table S3). We then calculated the average level of
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histone modificationsin the 11 gene window size of the linear level and the three-dimensional

level.

Fitness measur ement

To measure the growth rate of the GFP constructed strains, we cultured the cellsin YPD
medium at 30 °C overnight, and then 5ul of the saturated culture was transferred to 145ul of
YPD in 96-well plates. Each 96-well plate was shaken on a BioTek Epoch2 microplate reader at
30 °C for 12 hours with the OD600 signal reading every 10 minutes. After repeating the
experiment for at least 3 times for each strain, we calculated the doubling time for each
constructed strain (tes) according to Murakami et al. [37]. Based on the comparison with the
doubling time of the wild-type strain (t.:), the relative fitness (w) of each GFP constructed strain

was calculated as:

Additionally, the fitness was used to estimate the relative total yield of GFP mRNA between
strains where GFP was integrated into loci with 10% essential genes compared to those with 60%

essential genes by

TPM, g9,
TPMgqq,

2t(W109~We09)/1.5

Where TPM was the mRNA expression level of GFPinferred from RNA-seq, t istime (in hours),

and w is fitness.
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Figure 1. High quality of our transcriptome dataset.
(A) Reproducibility between two biological replicas of strain YALO58W'™. (B) Distribution of

the Pearson’s correlation coefficient between the transcriptome profile of each constructed strain
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and the transcriptome profile of the wild-type strain. The red line represented the kernel density
estimation of the distribution of the correlation coefficient. (C) Expression changes of
endogenous gene missing one allele in each congtructed strain compared to the wild-type strain.
The red dots indicate the constructed strains whose expression changes of endogenous gene are
outliers of the expression change of all examined endogenous genes missing one allele. Thered
dotted line indicates the expected value of 0.5. (D) The mRNA expression level of the GFP
reporter we tested was significantly correlated with the protein abundance level measured in
previous studies [17]. The dotted line represents fitted linear regression model. (E) The
expression fold change compared with the wild-type strain in 5 genes each upstream and
downstream (x axis) of the GFP insertion site of three constructed strains detected by RT-gPCR

and RNA-seq.
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Figure 2. The expression level of the GFP gene and the changesin the expression level of
adjacent genesarerelated to the content of the essential gene near the integration ste.

(A) Linear positional relationship between GFP integration site and adjacent genes. (B-F) The
median expression level of adjacent genes before integration (B), the expression level of GFP
reporter after integration (C), the fractions of up-regulated genes (D), the fractions of down-
regulated genes (E), and the median expression fold changes of adjacent genes (F) were
significantly related to the density of essential genes in the surrounding region. The surrounding
regions included 5 genes each upstream and downstream of the GFP insertion site. The points
represent the mean and the error bars represent the standard error within each range of essential

gene density. (G-J) The correlation coefficient with the density of essential genes were shown
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for the expression level of GFP (G), the fractions of up-regulated genes (H), the fractions of
down-regulated genes (I) and the median expression fold changes of adjacent genes (J) when
genomic regions of different sizes (in terms of number of adjacent genes) were considered. The
sizes of the region represent the total number of upstream and downstream adjacent genes.
Compared with the wild strain, genesin the constructed strains whose expression level is
increased to more than 1.5 fold were considered to be up-regulated, and genes whose expression
level isreduced to less than 66.7% were considered to be down-regulated. The red dots indicate
that the P values of the correlation coefficient are smaller than 0.05 (i.e., statistically significant),
and the black dotsindicate that they are greater than or equal to 0.05 (i.e., statistically not

significant).
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Figure 3. Theexpression leve of the GFP gene and the changesin the expression level of
neighboring genesarerelated to the content of the essential genein thethree-dimensional
proximity of the integration site.

(A) Three-dimensional proximity of the GFP integration sites and neighboring genes. (B-F) The
median expression level of neighboring genes before integration (B), the expression level of GFP
reporter after integration (C), the fractions of up-regulated genes (D), the fractions of down-
regulated genes (E), and the median expression fold changes of neighboring genes (F) were
significantly related to the density of essential genes in the three-dimensional proximity
(including ten genes) around the integration site. The points represent the mean and the error

bars represent the standard error within each range of essential gene density. (G-J) The
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correlation coefficient with the density of essential genes were shown for the expression level of
GFP (G), thefractions of up-regulated genes (H), the fractions of down-regulated genes (1) and
the median expression fold changes of neighboring genes (J) when genomic regions of different
sizes (in terms of number of adjacent genes) were considered. The sizes of the region represent
the total number of genesin three-dimensional proximity to the GFP integration site. The red
dotsindicate that the P values of the correlation coefficient are smaller than 0.05 (i.e.,
statistically significant), and the black dots indicate that they are greater than or equal to 0.05

(i.e., statigtically not significant).
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Figure4. Theexpression level of the GFP gene and the changesin the expression level of

adjacent genesarerelated to the H3K4me2 modification level of the surrounding region.
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(A-B) Correlations with the strengths of eight histone modifications of genes surrounding the
integration site were shown for the expression level of GFP gene (A, red bars), the local density
of essential genes (A, gray bars), the fractions of up-regulated genes (B, green bars), the fractions
of down-regulated genes (B, pink bars), and the median expression fold changes of adjacent
genes (B bluebars). (C-D) Partia correlations between the density of eight histone
modifications of genes surrounding the integration site after controlling the local density of
essential genes were shown for the expression level of GFP (C, red bars) and the median
expression fold changes of adjacent genes (C, blue bars). Partial correlations with the local
density of essential genes after controlling the levels of histone modifications were shown for
with the expression level of GFP gene (D, red bars) and the median expression fold changes of
adjacent genes (D, blue bars). The surrounding regions included 5 genes each upstream and
downstream of the GFP insertion site. Statistical significance of the correlation was indicated: *:

P <0.05, **: P<0.01, ***: P < 0.001.
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Figure 5. The changesin the expression level of adjacent genes, but not the expression level
of the GFP gene, isrelated to the fitness of the constructed strains.

(A) Correlation between the expression level of the GFP gene and the fitness of the constructed
strains relative to the wild-type strain. (B) Correlation between the expression fold change of
genes surrounding the integration site and the fitness of the constructed strains relative to the
wild-type strain. (C) The ratio of total yield of GFP mRNA in the strains with GFP inserted to
genomic regions with 10% adjacent essential genes, relative to that with 60% adjacent essential
genesin different time-point of cultivation (from 2 hours to 72 hours, assuming a generation time
of 1.5 hour). The 95% confidence interval of this ratio was estimated by bootstrapping the genes

1,000 times.
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Figure S1. Correlations between the density of eight histone modificationsin the
integration sitewith the expression level of GFP gene (red bars) and the endogenous gene

(black bars). Statistical significance of the correlation wasindicated: *: P < 0.05, **: P <0.01,

***: P <0.001
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Figure S2. The changesin the expression level of adjacent genesarereated to the content

of the essential gene near theintegration site. Smilar to Fig 2D and E except that genesin the

constructed strains whose expression level is greater than the wild-type strain were considered to

be up-regulated (A), genes whose expression levd is less than the wild-type strain were

considered to be down-regulated (B), genes whose expression level is up-regulated by > 2 fold

were considered to be up-regulated (C), and genes whose expression level is down-regulated to <

50% of the wild-type were considered to be down-regulated (D).
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Figure 4. The expression level of the GFP gene and the expression fold changes of
neighboring genes arerelated to the content of the essential genein thethree-dimensional
proximity of theintegration site. Smilar to Fig 3G to J except that the size of the region was
measured by the distance (nanometer, nm) to the GFP integration site. 1nmin spaceis

approximately equal to 6.4kbp.
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Figure Sb. The expression level of the GFP gene and the expression fold change of

neighboring genesarerelated to the content of the essential gene of the surrounding region
in three-dimensional proximity but not in linear range. Similar to Fig 3G to J except that the
surrounding area includes 10 genes that are spatially closest to the GFP insertion site but are not

in the linear range.
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Figure S6. The expression level of the GFP gene and the expression fold change of
neighboring genes arerelated to the level of H3K4me2 modification of the surrounding
region in three-dimensional proximity. Similar to Fig 4 except that the surrounding region

included the ten genesin closest proximity to the GFP insertion site.
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Figure S7. The changesin the expression level of neighboring genes, but not the expression
level of the GFP gene, isrelated to the fitness of the constructed strains. Smilar to Fig 5B to
C, except that the surrounding region included the ten genesin closest three-dimensional

proximity to the GFP insertion site.
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