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Abstract
Gene loss is a prevalent source of genetic variation in genome evolution. Calling loss events effectively and efficiently 
is a critical step for systematically characterizing their functional and phylogenetic profiles genome wide. Here, we 
developed a novel pipeline integrating orthologous inference and genome alignment. Interestingly, we identified 33 
gene loss events that give rise to evolutionarily novel long noncoding RNAs (lncRNAs) that show distinct expression 
features and could be associated with various functions related to growth, development, immunity, and reproduc-
tion, suggesting loss relics as a potential source of functional lncRNAs in humans. Our data also demonstrated that 
the rates of protein gene loss are variable among different lineages with distinct functional biases.
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Introduction
From bacteria to mammals, gene loss occurs in almost all 
kingdoms of life (Spanu et al. 2010; Kuraku and Kuratani 
2011; McCutcheon and Moran 2011; Albalat and 
Cañestro 2016; Wang et al. 2018). Several studies have 
shown that the loss of protein-coding genes has led to sig-
nificant phenotypic changes, such as the adoption of an 
herbivorous diet in pandas (Li et al. 2009) and the develop-
ment of scales in pangolins (Meyer et al. 2013; Choo et al. 
2016), as well as molecular adaptations, such as opsin 
adaptations in birds (Borges et al. 2015) and adaptation 
to aquatic ecosystems in cetaceans (Huelsmann et al. 
2019). In humans, gene loss events have also been reported 
to cause not only improved disease resistance (Dean et al. 
1996; Galvani and Novembre 2005; Wang et al. 2006; 
Shailendra 2009; Hedrick 2011; Okerblom et al. 2017) but 
also human-specific phenotypic changes (Stedman et al. 
2004).

Efforts have been made to identify gene loss events gen-
ome widely in recent decades. Most of these studies have 
been based on directly searching for homologs of anno-
tated source proteins in the target genome and may suffer 
from the identification of both false positives (due to out- 
paralogs, i.e., paralogs in different species derived from a 
more ancient shared duplication event) and false negatives 
(due to long-term divergence) (Wang et al. 2006; Zhu et al. 
2007; Zhang et al. 2010; Zhao et al. 2015).

Here, we develop a novel pipeline that integrates ortho-
logous inference and genome alignment called LOcal 

Sequence-based Tracing Functional Ortholog UNit 
Death, or LOST & FOUND. Applying the pipeline to mam-
mals, we identified a number of previously missed gene 
loss events in the human genome after mouse–human di-
vergence. Interestingly, we found that a set of “dead” 
protein-coding genes might undergo “rebirth” as function-
al long noncoding RNAs (lncRNAs), suggesting that relics 
of the lost protein could be the source of lncRNAs and 
thus perform important functions (Zhao et al. 2015; 
Hezroni et al. 2017). This highlights the importance of 
the systematic identification and annotation of gene loss 
events.

Results
To effectively identify loss events across various time 
scales, we built a novel pipeline, LOST & FOUND (fig. 1A) 
(LOST & FOUND is available in https://github.com/gao- 
lab/LOST_and_FOUND), that combines existing annota-
tions and genome alignment to map orthologous corres-
pondence along the phylogenetic tree of species used in 
the input and infers ancestral state by minimizing the 
gene state turnover during divergence (i.e., following the 
maximum parsimony principle; fig. 1C). Here, we followed 
the broad definition of protein gene loss: a nonfunctiona-
lization event occurring in a particular evolutionary lineage 
through either the complete deletion of the corresponding 
genomic locus (“Complete Loss”) or a loss-of-function mu-
tation (“Partial Loss”) (Jensen 2001; Albalat and Cañestro 
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2016). For each candidate, the genome position of the an-
chor gene (i.e., the orthologous counterpart in the refer-
ence species) and the genome alignment are used for 
the back tracing of the loss relic or syntenic regions. 
Candidates whose relic or syntenic regions overlap with 
the assembly gap are excluded since we cannot determine 
whether the observation of such candidates is due to gene 
loss or simply the missing sequences of unassembled re-
gions. Those candidates with relics are then classified as 
Partial Loss Events. For candidates without relics, nearby 
genome blocks are used to confirm synteny (fig. 1D). 
Those with synteny block pairs are then classified as 
Complete Loss Events.

To evaluate the performance of LOST & FOUND, we 
considered a stepwise genome evolution process across 
eight species with the same phylogenetic relationships 
(fig. 1E) as mouse (Mus musculus), rat (Rattus norvegicus), 
shrew mouse (Mus pahari), Ryukyu mouse (Mus caroli), 
macaque (Macaca mulatta), chimpanzee (Pan troglodytes), 
gorilla (Gorilla gorilla), and human (Homo sapiens; see 
Materials and Methods for more details). The genome evo-
lution process was run based on EVOLVER (http://www. 
drive5.com/evolver/), a tool that simultaneously simulates 
the evolution of both annotations and sequences of a 
whole genome (Earl et al. 2014). With the synthetic data 
set, we systematically curated a set of “ground truth” 
gene loss events for benchmarking, showing 99.99% speci-
ficity and 66.23% sensitivity for the LOST & FOUND pipe-
line. After the examination of missed gene loss events, 
we found that the low sensitivity was mainly caused by 
two types of gene loss. Most of the false negatives 
(60.9%, 238 out of 391; fig. 1E) were due to Ambiguous 
Loss, a type of gene loss with ambiguous ancestral gene 
state inference (e.g., scenario in supplementary fig. S1, 
Supplementary Material online). Additionally, more than 
one-quarter of the false negatives (30.9%, 121 out of 391; 
fig. 1E) were caused by Whole Lineage Loss, a type of 
gene loss that occurred in multiple species along one en-
tire lineage (i.e., loss took place simultaneously in 
Simulated1, Simulated2, and Simulated3), partly because 
the orthologous groups showing this type of gene loss 
present fewer orthologous relationships compared with 
other groups (and are thus more sensitive to annotation 
error of orthologs). The remaining 9.2% of false negatives 
suffered from unreliable orthologous relationships (e.g., 
the scenario in supplementary fig. S2, Supplementary 
Material online). Except for these two types of gene 
loss, LOST & FOUND showed high sensitivity as well as 
high specificity, especially for the species-specific type 
of gene loss. Overall, the high specificity of LOST & 
FOUND ensures that it will rarely produce false positives 
in gene loss identification.

We applied this pipeline to detect human gene loss after 
rodent and primate divergence. To improve the detection 
power (Thybert et al. 2018), we incorporated sister species 
in the rodent clade as reference species and the primate 
branch for orthologous inferences (fig. 3). With this tree 
and our pipeline, we ultimately identified 155 human 

gene loss events, 67 of which were Complete Loss Events, 
whereas 88 were Partial Loss Events (fig. 1B and 
supplementary data, Supplementary Material online). By 
using Exonerate (Slater and Birney 2005) to align the an-
chor genes and loss relics, we further validated these 
Partial Loss Events after their identification. Most of the 
Partial Losses suffered from disabling mutations (i.e., 
frameshifts or premature stop codons) or could not be 
completely aligned to the anchor gene (supplementary 
data, Supplementary Material online).

Notably, we found large differences when comparing 
our results with those of previous studies (fig. 2A and B) 
(Zhu et al. 2007; Zhang et al. 2010). Close inspection 
showed that 81.8% (18 out of 22; [Zhu et al. 2007]) and 
92.8% (26 out of 28 [Zhang et al. 2010]) of “loss events” 
in the primate lineage excluded by our pipeline could 
not be dated unambiguously (supplementary fig. S3 and 
supplementary data, Supplementary Material online). In 
particular, half of these events (11 out of 18 [Zhu et al. 
2007] and 14 out of 26 [Zhang et al. 2010]) showed no 
orthologs within the chicken and lizard genomes used as 
out-groups, suggesting that they may in fact represent 
gene origin events within the rodent lineage (fig. 2A and 
B and supplementary data, Supplementary Material on-
line). The remaining inconsistent events (4 out of 22 
[Zhu et al. 2007] and 2 out of 28 [Zhang et al. 2010]) 
were due to changes in gene annotation updates (fig. 2A 
and B and supplementary data, Supplementary Material
online).

Our pipeline also identified a number of loss events in 
humans that have been missed in previous studies. One 
major issue accounting for the disparity is that the genome 
alignment data that we employed enabled the more ef-
fective detection of gene loss events with large-scale gen-
omic deletion (i.e., Complete Loss Event) relative to the 
plain Blast-based sequence comparison used previously 
(supplementary fig. S4, Supplementary Material online; 
42.6%, 64 out of 150 [Zhu et al. 2007], and 43.2%, 61 out 
of 141 [Zhang et al. 2010]). Our Blast search experiment 
showed that compared with Partial Loss Events, 
Complete Loss Events are much more challenging for 
Blast searching (supplementary fig. S5, Supplementary 
Material online). Furthermore, we retained loss events de-
tected in large families (21), such as olfactory or vomero-
nasal receptors (supplementary fig. S6, Supplementary 
Material online), which were filtered out in previous works 
(Zhu et al. 2007; Zhang et al. 2010).

We observed a statistically significant functional bias in 
genes hit by loss events. Complete Loss Events were en-
riched in sensory or stimulus detection (fig. 3 and 
supplementary data, Supplementary Material online), con-
sistent with previous reports that most genes lost in hu-
mans are sensory related (Gilad et al. 2003; Young and 
Trask 2007; Kawamura and Melin 2017; Niimura et al. 
2018; Qian et al. 2022). Complete Loss Events among differ-
ent lineages also showed different patterns. Complete Loss 
Events occurring in the human–chimpanzee lineage were 
enriched in chloride transport–related processes, whereas 
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FIG. 1. Workflow and evaluation of LOST & FOUND. (A) Steps of the gene loss identification pipeline: (1) filter orthologous relationships, (2) 
cluster orthologous relation, (3) infer the ancestral state of the orthologous group, (4) select loss candidates, (5) locate loss regions by genome 
alignment, and (6) classify Complete Loss Events and Partial Loss Events. (B) Processes of human gene loss identification. The output counts of 
each step are listed. (C ) Maximum parsimony principle for inferring the ancestral gene state. With a given observed gene state, there are various 
possible ancestral gene states. Using the maximum parsimony approach, the ancestral gene state that minimizes the number of changes required 
to generate the observed gene state is the inferred ancestral state. (D) Synteny confirmation for Complete Loss Events. Only when two upstream 
and downstream genomic blocks around the anchor gene are collinear is synteny confirmed. (E) Phylogenetic tree for genome simulation and 
pipeline performance for different types of gene loss. We simulated genome evolution based on this phylogenetic tree, and we curated the 
“ground truth” gene loss events in Simulated1. The genomes of Simulated5–8 were used as anchor species (i.e., species used as reference), where-
as the genomes of Simulated1–4 were used as target species (i.e., query species and its sister used for better inference) for the pipeline evaluation. 
We examined the causes of the low sensitivity of our pipeline and showed that most of the false negatives were caused by ambiguous types of 
gene loss and the type of gene loss that simultaneously occurred in Simulated1, Simulated2, and Simulated3.
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those in the human–chimpanzee–gorilla lineage were en-
riched in sensory smell–related processes. In contrast, we 
did not find strong preferences among genes subject to 
Partial Loss. The anchors of the gene loss events were sig-
nificantly enriched in multimember gene families com-
pared with the anchors of known orthologous pairs 
(supplementary fig. S7, Supplementary Material online). 
Since the loss of genes belonging to multimember families 
can be compensated by their paralogs, this observation 
suggests that the loss of a gene is related to its dispensabil-
ity (Albalat and Cañestro 2016).

It has been suggested that lncRNA origins may be linked 
to the Partial Loss of former protein-coding genes (Duret 
et al. 2006; Hezroni et al. 2017; Liu et al. 2017). We com-
pared the relic regions of all Partial Loss Events in the hu-
man genome and found that more than one-third (33 out 
of 88) of the loci overlapped with annotated lncRNAs 
(supplementary data, Supplementary Material online). 
Genomic synteny analysis (fig. 4A) and sequence compari-
son (fig. 4B) confirmed that these lncRNAs were derived 
from loss relics. Our results (fig. 4B) show that the cumu-
lative distribution of the query identities between these 
lncRNAs and the anchor genes of their corresponding 
loss events are similar to those of protein-coding gene 
(PCG) orthologous pairs, whereas their query identities 
are significantly higher than those of lncRNA orthologous 
pairs.

Most of these derived lncRNAs (78.8%, 26 out of 33) 
were unitary (fig. 4C). Expression profiling across 28 tissues 
showed that 60 of 141 transcripts (for 20 out of 33 genes) of 

these lncRNAs were expressed in at least 1 tissue 
(Fragments Per Kilobase of transcript per Million mapped 
reads (FPKM) > 1; supplementary data, Supplementary 
Material online). In addition, most of these derived 
lncRNAs exhibited highly different expression patterns 
compared with their protein-coding ancestors 
(supplementary fig. S8, Supplementary Material online), 
suggesting that they are bona fide transcriptional units in-
stead of transcriptional noise caused by partially degener-
ated promoters. Most of them were specifically expressed 
in one tissue, such as the testis or brain (supplementary 
fig. S9 and S10, Supplementary Material online), consistent 
with previous studies on tissue-specific lncRNAs. 
Coexpression analysis suggested statistically significant 
functional enrichment in reproduction and the immune 
response (supplementary data, Supplementary Material
online), and further literature searches showed that several 
of the lncRNAs were involved in key biological processes 
such as cell proliferation and cell cycle regulation (table 1).

Notably, genetic analysis showed that these derived 
lncRNAs were more likely to be associated with growth 
and development processes (supplementary data, 
Supplementary Material online) and harbored more known 
cis-eQTL sites (P = 2.83 * 10−15, Mann–Whitney U test; 
supplementary fig. S11, Supplementary Material online) 
than other human lncRNAs. Moreover, we noted that these 
derived lncRNAs were highly and broadly expressed (P =  
1.35 * 10−2 and P = 1.77 * 10−2, Mann–Whitney U test; fig. 
4D and E and supplementary fig. S12, Supplementary 
Material online) and were significantly longer and had 

FIG. 2. Comparison of gene loss events in humans with those identified in previous studies. (A) Comparison of our gene loss events with those 
reported by Zhu et al. (B) Comparison of our gene loss events with those reported by Zhang et al.
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many more exons (P = 5.90 * 10−7 and P = 2.00 * 10−10, 
Mann–Whitney U test; fig. 4F and G) than other human 
lncRNAs. Such differences may be attributed to their 
protein-coding origin (i.e., as remnants of ancestral protein- 
coding genes). We also noted that these derived lncRNAs 
were more likely to be under positive selection than other 
lncRNAs in the human genome (P = 1.09 * 10−2, chi-square 
test; supplementary fig. S13, Supplementary Material online). 
Within-species tests of selective pressure, such as the Pi, 
Tajima’s D, and derived allele frequency (DAF), did not show 
any differences between derived and nonderived lncRNAs, 
whereas between-species tests of Hudson–Kreitman– 
Aguadé (HKA) did show differences (supplementary fig. S13 
and supplementary data, Supplementary Material online), sug-
gesting that the positive selection on these lncRNAs was long 
term and that the sequences have now reached fixation. This 

indicates that these lncRNAs are under positive selection dur-
ing speciation.

Discussion
Gene loss events can be inferred by the absence of ortho-
logous genes (Jensen 2001; Albalat and Cañestro 2016). 
Briefly, when a gene is present in one species but not an-
other species, it may indicate that either a gene gain event 
occurred in one species or a gene loss event occurred in 
another species. Using multiple orthologous relationships 
between species, our pipeline is able to trace the gene state 
of each common ancestral node backward and, thus, 
to distinguish whether the absence of a gene represents 
a loss event in the target species or a gain event in 
other lineages. For whole-genome alignment, the 

FIG. 3. Functional bias of gene loss events in the human genome. The phylogenetic tree was used for human gene loss identification. Rodent 
species were used as anchors, whereas the primate species macaque, gorilla, and chimpanzee were used as sister species to trace human 
gene loss events. GO enrichment was performed for all loss events and for different loss events among different lineages.
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“correspondence” between genomes can be used to locate 
orthologous sequences where gene loss events could oc-
cur. This process involves intergenic regions, and the con-
text of the query gene can also be considered under these 
circumstances, thus better supporting the identification of 
gene losses with large-scale deletion compared with ca-
nonical sequence-searching-based methodology (Zhu 
et al. 2007; Zhang et al. 2010; Zhao et al. 2015; Sharma, 
Hecker, et al. 2018). Our test shows that >96% (11,932 
out of 12,349) of mouse and human orthologous pairs 

could be identified ab initio through multiple whole- 
genome alignments, further confirming its power.

It has long been proposed that Partial Loss Events may 
lead to the origination of novel lncRNAs (Duret et al. 
2006; Ponting et al. 2009; Hezroni et al. 2017). Thus, investi-
gating the function of these lncRNAs derived from gene loss 
is a viable method for conducting functional studies of gene 
loss. Our data suggested that more than one-third (33/88) 
of Partial Loss Events contribute to the origination of newly 
derived lncRNAs. More than half (17 out of 33) of these 

FIG. 4. Validation and characteristics of derived lncRNAs. (A) Distribution of GOC scores between anchor PCG–derived lncRNA pairs and an-
notated orthologous PCG pairs. To confirm that these lncRNAs are potentially derived from loss event relics, we first checked their synteny. We 
calculated the GOC scores between these lncRNAs and the anchor genes of their corresponding loss events and then compared them with the 
scores of existing orthologous protein-coding gene pairs. The distribution of GOC scores shows no significant differences (P = 7.65 * 10−2, 
Fisher’s exact test). (B) Comparison of alignment query identity between PCG-derived lncRNA pairs, annotated orthologous PCG pairs, and an-
notated orthologous lncRNA pairs. We also considered the sequence similarity between these lncRNAs and their anchor genes. We collected a 
set of lncRNA orthologous pairs (Sarropoulos et al. 2019) and used them to compare the sequence similarities of different types of orthologs. (C ) 
Classification of derived lncRNAs. (D) Comparison of tau between derived lncRNAs and background lncRNAs. (E) Comparison of maximum 
expression between derived lncRNAs and background lncRNAs. (F ) Comparison of transcript length between derived lncRNAs and background 
lncRNAs. (G) Comparison of transcript exon numbers between derived lncRNAs and background lncRNAs.
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derived lncRNAs are under positive selection, and several 
have been shown to be functional experimentally 
(Oughtred et al. 2019; Zhao et al. 2020). For example, one 
of these lncRNAs, ENSG00000088340 (supplementary fig. 
S14, Supplementary Material online), has been associated 
with the progression of gastric cancer and colon cancer 
(Xia et al. 2015; Yue et al. 2015). ENSG00000088340 acts 
as a sponge of miR-106a-5p and thus suppresses oncogen-
esis. These results suggested that the loss of a protein- 
coding gene could lead to the “birth” of a novel-derived 
lncRNA that could further gain novel functionalities during 
follow-up evolution.

We noted that several identified derived lncRNAs (28 
out of 33) overlap with introns of known protein-coding 
genes, which may lead to the speculation that the ob-
served selection occurs because these lncRNAs are affected 
by the sequence constraint imposed by overlapping 
protein-coding genes. However, further inspection re-
vealed no significant differences in the distribution of se-
lection between intron-overlapping and nonoverlapping 
lncRNAs (14 out of 28 vs. 3 out of 5, P = 8.58 * 10−1, chi- 
square test).

The peak gene loss rate (11.79 genes per MYA) is 
founded in the human lineage, whereas the gene loss rates 
in the human–chimpanzee lineage and human–chimpan-
zee–gorilla lineage are 6.36 and 4.46 genes per MYA, re-
spectively. The gene loss rate in the human lineage is 
twice that in the other lineages, suggesting that gene 
loss is accelerated in the human lineage and that most hu-
man gene loss events are human-specific (fig. 5A). Even 
though the low sensitivity of LOST & FOUND for the 
type of gene loss that occurred in multiple species accord-
ing to the test of the “ground truth” gene loss set was sug-
gested to potentially lead to an underestimation of the 

gene loss rate by ∼40% in the human–chimpanzee–gorilla 
lineage, the gene loss rate in the human lineage was still 
much higher than the gene loss rate in the human– 
chimpanzee–gorilla lineage after putative correction 
(7.43 genes per MYA). In particular, the high specificity 
and high sensitivity of LOST & FOUND for the species- 
specific type of gene loss guarantee the loss rate observed 
in the human lineage. Intriguingly, functional gene losses 
(i.e., gene loss events related to the functional analysis can-
didates, such as gene loss events that give rise to lncRNAs 
or are related to highly expressed lncRNAs) showed a simi-
lar pattern. More than half of these functional gene losses 
were human-specific (fig. 5B). It has been reported that the 
human lineage is characterized by an accelerated evolu-
tionary rate (λ) estimated by maximum likelihood based 
on gene family number analysis, and it has long been pro-
posed that such drastic gene turnover helps shape the dif-
ferences between modern humans and chimpanzees via 
the expansion of brain-related gene families (Hahn et al. 
2007). Here, by focusing on the gene loss pathway, we 
also observed a consistent pattern along the human lin-
eage; moreover, complementary to the expansion of func-
tional gene families, we illustrated that the loss of certain 
genes could also contribute to modern human traits in 
multiple ways.

LOST & FOUND takes advantage of whole-genome 
alignment and orthologous annotation. Sharma’s pipeline 
(Sharma, Hecker, et al. 2018) also takes advantage of gen-
ome alignment. However, to rule out potential artifices, 
they implemented a series of “filters,” which could de-
crease sensitivity. For instance, the filter “mutation in sev-
eral exons, <60% intact reading frame” would exclude 
one-third (11 out of 33) of derived lncRNA-related loss 
events identified by LOST & FOUND. Many of these “ex-
cluded derived lncRNAs” have vital functions (e.g., 
ENSG00000088340).

LOST & FOUND could be further improved. In particu-
lar, its sensitivity is clearly not high enough, suggesting 
that there are still a number of missed gene loss events. 
The constraint of maximum parsimony helps guarantee 
the high specificity of our pipeline. However, its limitation 
related to certain types of gene loss leaves the states of nu-
merous orthologous groups undetermined and therefore 
causes false negatives. Consider Ambiguous Loss in the 
evaluation for instance, which cannot be identified 
through maximum parsimony and is the major cause of 
the low sensitivity of our pipeline, accounting for 22.0% 
(238 out of 1,081) of cases in the evaluation. During the 
identification of human gene loss, 185 candidates with am-
biguous ancestral gene states were excluded, similar to the 
situation for Ambiguous Loss. Certain gene losses with am-
biguous ancestral gene states might remain unidentified 
and need to be identified based on improved methodology 
or other evidence. It should also be mentioned that the 
evaluation of our pipeline was based on the phylogeny 
of primates and rodents and both the sensitivity and spe-
cificity might vary when it is applied to different phyloge-
nies. In particular, the current analysis of derived lncRNAs 

Table 1. The derived lncRNAs proved to be functional experimentally.

Gene ID Supported Studies Phenotype

ENSG00000173209 (Shalem et al. 2014) 
(Morgens et al. 2017) 
(Yilmaz et al. 2018) 
(Toledo et al. 2015)

Cell proliferation
Response to toxin
Cell proliferation
Cell proliferation

ENSG00000197376 (Shalem et al. 2014) Response to chemicals
ENSG00000197847 (Riba et al. 2017) 

(Wang et al. 2017)
Regulation of signal 

transduction 
phenotype

Cell proliferation
ENSG00000261603 (Riba et al. 2017) Response to virus

ENSG00000088340

(Yue et al. 2015)  

(Qiao and Li 2016)  

(Xia et al. 2015) 
(Sun et al. 2019) 
(Wu et al. 2017)

Cell migration; 
cell invasion; 

cell proliferation; 
tumor-suppressive 

function; 
prognosis

Cell proliferation; 
cell cycle

Cell proliferation
Cell proliferation

Prognosis
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depends on public genomic curation, which is actively 
evolving and may suffer from outdated annotation or mis-
annotation. In addition, considering universality and ap-
plicability, we did not include complicated steps such as 
reannotating orthologs and relied on the existing annota-
tions of genome or orthologs. When LOST & FOUND is ap-
plied in other species, especially for those species with poor 
gene annotation, further inspection should be performed 
since an unannotated gene might be misidentified as a loss.

Although several recent studies have demonstrated that 
gene loss is an essential part of the evolutionary landscape 
and may contribute to adaptive phenotype changes (Olson 
1999; Jebb and Hiller 2018; Sharma, Lehmann, et al. 2018; 
Hecker et al. 2019), characterizing gene loss events effect-
ively and efficiently remains a major challenge. Here, we 
present a novel pipeline for gene loss identification that 
not only combines the advantages of both orthologous in-
ference and genome alignment data and thus detects gene 
loss more accurately but is also convenient to use and can 
be introduced in other studies. Using this pipeline, we sys-
tematically annotated human gene loss events. Most of the 
Complete Loss Events observed in humans were related to 
sensory smell–associated processes, whereas there were no 
significantly enriched processes related to Partial Loss 
Events. Such differences between Complete Loss Events 
and Partial Loss Events might indicate that different genes 
suffer from different loss processes, in that olfactory recep-
tors in tandem regions tend to suffer from large-scale dele-
tion. Most importantly, based on the loss events we 
identified, we discovered a set of lncRNAs derived from 
lost genes. These sets of lncRNAs are completely different 
from other lncRNAs. Most of them are under selection 
and show high, broad expression. They are also more likely 

to be involved in growth, development, immunity, and re-
production. The idea that the loss of a gene could generate 
a functional lncRNA extends our understanding of the ef-
fect of gene loss.

Materials and Methods
Genome-Wide Identification of Gene Loss Events
First, our pipeline, LOST & FOUND (fig. 1A), requires ortho-
logous pairs between anchor species (i.e., species used as re-
ferences) and target species (i.e., the query species and its 
sister used for better inference) as well as their multiple 
genome alignments from Ensembl as input. Because the 
“many to many” or “one to many” types of orthologous 
pairs show inconsistency between different Ensembl ver-
sions, the orthologous pairs are first filtered. Using the 
mean value of query identity (i.e., the percentage of the 
query sequence that matches the target sequence) and tar-
get identity (i.e., the percentage of the target sequence that 
matches the query sequence) between orthologous pairs as 
indicator, we found that at ∼55% (supplementary fig. S15, 
Supplementary Material online; 58%) identity, consistent 
and inconsistent orthologous pairs could be well classified. 
Therefore, we use this as a threshold to filter orthologous 
pairs. Then, these orthologous pairs are clustered as ortho-
logous groups, each of which reflects the presence or ab-
sence of the gene. To avoid false positives, only 
orthologous groups with genes present in all anchor species 
are considered for further identification. Then, in each 
orthologous group, maximum parsimony (fig. 1C) is per-
formed. The gene states, absence or presence of the 
orthologs, are mapped across the phylogeny for each 
orthologous group. Then, the gene states of the internal 

FIG. 5. Gene loss rates and distribution of “functional gene loss”. (A) Gene loss rates among different lineages. The gene loss rate is highest in the 
human lineage. (B) Distribution of “functional gene loss”. Most of these “functional gene loss” events are human-specific.
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nodes (representing the ancestral gene state) are inferred 
from leaf to root across the whole phylogeny. The most 
likely ancestral gene state is the state that minimizes 
gene state turnover during divergence. For instance, 
the gene state of an internal node is inferred as “present” 
when both of its child node gene states are present, be-
cause the “present” state of this node requires zero 
gene state turnover for its child nodes. Those ortholo-
gous groups showing gene presence in the ancestor but 
absence in the query species are then selected as loss can-
didates. For each loss candidate, we use multiple genome 
alignment to locate the loss region in the query species 
based on the anchor gene (i.e., the gene in anchor species 
within an orthologous group or orthologous pairs). For 
each candidate, the coordinate of the anchor gene is 
used as the anchor of the genome alignment to retrieve 
homologous genomic regions in the query species. After 
retrieving the homologous genomic region, a merging 
process is performed. If the homologous genomic blocks 
are located on the same chromosome and the gap be-
tween the blocks is below a certain threshold (default  
= 500,000 bp, i.e., approximately ten times the average 
length of a human protein-coding gene), the blocks are 
merged into a complete region representing the homolo-
gous genomic region in the target species of the loss can-
didate. If the homologous genomic blocks are located on 
different chromosomes or the gap between the blocks is 
above the threshold (default = 500,000 bp), the blocks 
are separated into different regions. Those candidates 
with loss regions are classified as Partial Loss Event candi-
dates, which indicates that the ancestral gene may have 
experienced mutations and lost protein-coding poten-
tial, whereas the relic gene region has been retained. 
For candidates for which the loss region cannot be lo-
cated through genome alignment and their anchor 
genes, the nearby genome alignment blocks around the 
anchor genes are used for synteny confirmation. For 
each anchor gene of the candidate, two genome align-
ment blocks upstream and downstream are fetched, 
and their aligned regions in the target species are then 
obtained. If the order of these blocks shows conservation 
between query and target species, the synteny is con-
firmed, and the candidate is classified as a Complete 
Loss Event candidate (fig. 1D), which indicates that the 
ancestral gene region may have experienced whole-gene 
deletion and been removed. After obtaining the relic/ 
syntenic regions of Partial/Complete Loss Event candi-
dates, these regions will be compared with the assembly 
gap regions of query species. Those candidates whose re-
lic/syntenic regions do not overlap with the assembly gap 
will eventually be identified as Partial/Complete Loss 
Events.

Simulation of Genome Evolution and Evaluation in 
LOST & FOUND
As in the Alignathon project (Earl et al. 2014), the simulation 
of genome evolution was performed using EVOLVER (http:// 

www.drive5.com/evolver/). EVOLVER simulates genome 
evolution by first proposing mutations at randomly selected 
loci and then calling acceptance/rejection for the proposed 
mutations based on the base-wise “accept probability.” 
Accept probability is determined based on annotation. For 
instance, bases with more constraints or more conservation, 
such as those in genic regions, would be assigned lower ac-
cept probabilities than others. Since EVOLVER can only per-
form one cycle of evolution simulation at a time, we also 
used the evolverSimControl (https://github.com/dentearl/ 
evolverSimControl) and evolverInfileGeneration (https:// 
github.com/dentearl/evolverInfileGeneration/) tools to run 
the mammalian phylogeny simulation. The specific model 
parameter file required by EVOLVER is the same as in the 
Alignathon project (Earl et al. 2014).

We first initiated the simulation using the whole human 
genome, hg19/GRCh37, including the complete chromo-
some sequences and the annotations from the UCSC 
Genome Browser tracks mgcGenes, knownGene, 
knownGeneOld5, cpgIslandExt, and ensGene. All of these 
input data can be obtained through the 
evolverInfileGeneration tool. According to Alignathon 
(Earl et al. 2014), the distance of the simulator was set to 
1.0 neutral substitutions per site for the simulation of the 
most recent vertebrate common ancestor, which experi-
enced ∼500 million years of evolutionary time. Here, we 
set the distance to 0.18 neutral substitutions per site for 
the simulation of the most recent common ancestor of ro-
dents and primates, which experienced ∼90 million years of 
evolutionary time. After acquiring the simulated genome of 
the most recent common ancestor, we used it as the input 
for mammalian phylogeny simulation. The mammalian 
phylogeny simulation was run based on the tree (in 
Newick format) ((((Simulated1: 6.5, Simulated2:6.5) 
S1-S2:2.0, Simulated3:8.5)S1-S2-S3:20.5, Simulated4:29) 
S1-S2-S3-S4:58, (((Simulated5:4.5, Simulated6:4.5)S5-S6:2.0, 
Simulated7:6.5)S5-S6-S7:9.5, Simulated8:16)S5-S6-S7-S8:71).

With the simulated leaf genomes and their annota-
tions, we labeled a set of orthologous groups as the 
“ground truth” gene loss in Simulated1. We inferred 
the orthologous relationships between the simulated 
genomes for those genes that share the exact same cod-
ing sequences (CDS) structure with the same ancestral 
gene. Genes that have different CDS structures from 
their ancestral gene due to CDS deletion, creation, or 
movement were inferred as “gene change.” The change 
in a gene during evolution could be the result of either 
new gene birth or previous gene death. Therefore, those 
orthologous groups consisting of “gene change” in the 
Simulated1 genome while containing orthologous genes 
in more than half of the simulated genomes as well as the 
Simulated5-8 genomes were classified into the “ground 
truth” gene loss set. The “gene change” in Simulated1 
suggested that they could represent a loss in the 
Simulated1 lineage or birth in other lineages, whereas 
the orthologous genes existing in more than half of the 
simulated genomes as well as Simulated5-8 genomes 
confirmed that these genes previously existed in the 
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anchor lineage and, thus, represent the gene loss in 
Simulated1.

After acquiring the “ground truth” gene loss set, we 
used it to test LOST & FOUND. In LOST & FOUND, we 
used the Ensembl orthologs as raw input. According to 
the Quest for Orthologs consortium, a community that 
contributes to providing the gold standard for ortholo-
gous annotation benchmarks and has already evaluated 
tens of public orthologous inference methods, the true 
positive rate and positive predictive value of Ensembl 
orthologs are 91.54% and 98.87%, respectively (Nevers 
et al. 2022). To eliminate the bias of using simulated ortho-
logous relationships as input, we manually “corrupted” 
these simulated orthologous relationships by introducing 
∼8.5% (≈100 – 91.54% of the true-positive rate) false- 
negative orthologs and ∼1.5% (≈100 – 98.87% of the posi-
tive predictive value) false-positive predictive orthologs. 
Then, we used these “corrupted” orthologs as the input 
to run LOST & FOUND and compared the identified loss 
events with the “ground truth” gene loss set.

Identification and Classification of Gene Loss Events 
in the Human–Mouse Clade
In this research, we considered the rodent branch as the 
anchor species set for tracing gene loss in the primate 
branch (target species set). The rodent branch consisted 
of mouse (M. musculus), rat (R. norvegicus), shrew mouse 
(M. pahari), and Ryukyu mouse (M. caroli), whereas the 
primate branch consisted of human (H. sapiens), chimpan-
zee (P. troglodytes), gorilla (G. gorilla), and macaque 
(M. mulatta). The original orthologous data set was the 
collection of anchor–target (one anchor species to one 
target species) species orthologous relationships, which in-
cludes all combinations of orthologous relationships be-
tween one rodent species and one primate species. The 
original orthologous relationships were obtained from 
Ensembl BioMart 94 (http://www.ensembl.org/biomart/ 
martview/). Then, the “one to many” and “many to 
many” types of orthologous relationships with <55% 
mean values of query identity and target identity were fil-
tered out due to the inconsistent orthologous annotations 
in different Ensembl versions, which might indicate unreli-
able annotated orthologous relationships. Since the rodent 
branch was considered the anchor, only those orthologous 
groups with genes present in all species of the rodent 
branch were retained for further analysis. Then, based on 
the maximum parsimony, the ancestral state of these 
groups was inferred, and the groups inferred as human 
gene losses were selected as gene loss candidates based 
on the 26 eutherian mammal alignments obtained from 
Ensembl Compara 94. Next, the assembly gap of the hu-
man genome was obtained through the UCSC Gap 
Locations track (http://genome.ucsc.edu). With the gen-
ome alignment, assembly gap regions, and loss candidates, 
Partial Loss Events and Complete Loss Events in humans 
were then identified based on our pipeline. Exonerate 
Ver 2.2.0 was used to validate the Partial Loss regions after 

identification. We chose the longest transcript of each an-
chor gene and aligned it to the corresponding loss relic re-
gion. Exonerate was employed using the coding2genome 
model with the best parameter set as 1.

Comparison of Gene Loss Events
The gene loss events reported in Zhang and Zhu were re-
trieved from their studies as gene symbols and then manu-
ally searched through Ensembl 94 and converted to Ensembl 
Gene IDs for comparison. Some of the gene symbols (8 out of 
35 [Zhu et al. 2007] and 5 out of 47 [Zhang et al. 2010]) could 
not be identified through Ensembl 94 and were deprecated. 
The out-group species that we used to confirm the ancestral 
states of those inconsistent loss events were chicken and liz-
ard. Orthologous pairs from chicken and lizard were ob-
tained through Ensembl BioMart 94.

Evaluation of Gene Loss Rates, Gene Family Members, 
and Functional Patterns
Each gene loss event belongs to an orthologous group. In 
each group, based on the maximum parsimony, the gene 
state of each ancestral node can be inferred, and then, 
the loss node/lineage of gene loss can be determined. 
Combined with the divergence time acquired via 
TimeTree, the gene loss rate can be calculated by dividing 
the number of gene losses in each lineage by the diver-
gence time of that lineage. Additionally, with the loss 
node of the loss events, Gene Ontology (GO) analysis for 
gene loss events among different lineages can be per-
formed. GO analysis was performed based on the anchor 
protein-coding genes of loss events in mouse. The GO an-
notations were acquired through (http://geneontology. 
org/), and the enrichment analysis was performed based 
on AnnoLnc2 (Ke et al. 2020). Gene family member ana-
lysis was based on paralog annotation with data obtained 
from Ensembl BioMart (http://www.ensembl.org/biomart/ 
martview/), archive version 94. If the paralog search for a 
gene identified any paralogs, the gene was considered to 
belong to the multimember family.

Identification and Confirmation of Gene Loss– 
Derived lncRNAs
For the Partial Loss Events that we identified, the relic re-
gion was also identified. The lncRNA annotation was ac-
quired through Ensembl Perl API 94 (https://www. 
ensembl.org/). By using the Partial Loss region as a slice, 
the lncRNAs that overlap with these regions can be ac-
quired. These lncRNAs are the derived lncRNAs. The 
Gene Order Conservation (GOC) scores of the annotated 
orthologous protein-coding genes were also acquired dir-
ectly through BioMart (http://www.ensembl.org/ 
biomart/martview/) 94. We calculated the GOC scores 
of the derived lncRNAs based on the Ensembl definition. 
The gene sequences of the derived lncRNAs and the anno-
tated orthologous protein-coding genes were also ac-
quired through the Ensembl Perl API, and global 
alignment was performed through EMBOSS.
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Functional Annotation of Derived lncRNAs
The literature search for the derived lncRNAs was based on 
the LncTarD (Zhao et al. 2020) and BioGrid (Oughtred 
et al. 2019) databases. Genome-wide association studies 
(GWAS) traits were acquired through AnnoLnc2 (Ke 
et al. 2020). For all the lncRNAs, we searched their 
GWAS traits, and for each GWAS trait, we calculated the 
derived lncRNA numbers and background lncRNA num-
bers within it. Then, for each trait, we performed a chi- 
square test and checked which traits were enriched with 
the derived lncRNAs. The P value adjustment was per-
formed through the Benjamini–Hochberg procedure. 
Weighted gene coexpression network analysis was per-
formed using the WGCNA R package (Zhang and 
Horvath 2005). The expression data for the derived 
lncRNAs and protein-coding genes were acquired through 
AnnoLnc2 (Ke et al. 2020).

Transcript Structure, Expression, and Selection 
Comparison between Derived lncRNAs and Other 
lncRNAs
All of the lncRNA annotations and their length and exon 
numbers were determined based on Ensembl 94 and ob-
tained from the Ensembl Perl API (https://www.ensembl. 
org/). The set of all annotated lncRNAs excluding the de-
rived lncRNAs was considered the background lncRNAs. 
The lncRNA expression data were acquired from 
AnnoLnc2 (Ke et al. 2020). The selection analysis was based 
on sliding window analysis. The variant data were obtained 
from the 1000 Genomes Project (Siva 2008). We used 10 k, 
20 k, and 50 k windows to scan the whole human genome, 
and Pi and Tajima’s D values were calculated through 
VCFtools (Danecek et al. 2011). The DAF was calculated 
with our own script based on its definition. The HKA test 
was performed based on the 1000 Genomes Project (Siva 
2008) and human–chimpanzee genome alignment data. 
The polymorphic sites and divergence sites in each window 
were counted with our own script and then preprocessed to 
the input format required by HKAdirect (Esteve-Codina 
et al. 2013). Then, the HKA of each window was calculated 
through HKAdirect (Esteve-Codina et al. 2013).

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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