TEXT S5: Global Composition Analysis

Eran Elhaik1, Justin T. Reese2, Dan Graur3, and Christine G. Elsik2
1The Johns Hopkins University School of Medicine, Baltimore, Maryland, 21205, United States of America
2Department of Biology, Georgetown University, Washington, DC, United States of America

3Department of Biology and Biochemistry, University of Houston, Houston, Texas 77204, United States of America
Animal genomes are not uniform in their long-range sequence composition, but are composed of a mosaic of compositional domains, i.e., homogeneous and nonhomogeneous sequence stretches of variable lengths that differ widely in their GC compositions. Compositionally homogeneous domains are also referred to as “GC-content domains” 1[]
, while a subset of long (≥ 300 kb) compositionally homogeneous domains are traditionally termed “isochores” 2[]
. In all animals studied so far, the distribution of compositional-domain lengths showed an abundance of short domains and a paucity of long ones. The genome of the Atta cephalotes is no exception in this respect. A comparison of the distributions of compositional-domain lengths among Atta cephalotes (leafcutter ant), Apis mellifera (honeybee), Nasonia vitripennis (jewel wasp), Tribolium castaneum (red flour beetle), Anopheles gambiae (African malaria mosquito), and Drosophila melanogaster (fruit fly) is shown in Figure 1. The domain-length distributions of the ant and Drosophila exhibit similarity in the lowest abundance of very short domains (< 5 kb) and the highest abundance of medium-long domains (>10 kb). Using a goodness-of-fit test, we determined that none of the above six distributions of domain lengths is similar to any other (p < 0.05). 

Despite their large genomes (Table 1) Apis mellifera and Nasonia vitripennis have a few isochoric domains (2-4), compared to the two dipterans, Drosophila melanogaster and Anopheles gambiae (15) and Tribolium castaneum (18). By contrast, the ant genome is highly enriched in isochoric domains (27). However, when comparing the genome coverage of isochoric domains, Atta cephalotes isochores cover 4% of its genome, compared to 3-6% of the dipteran and 10% of the Tribolium casteneum genomes. The dichotomy between high number of isochores and low genome coverage can be explained as a combination of two factors. First, the average size of the Atta cephalotes isochoric domain (450 kb) is shorter than the average Tribolium castaneum isochore (700 kb). Second, the Atta cephalotes genome is the largest among all these insects (281 Mb), more than twice the size of the Tribolium casteneum genome (131 Mb) (Table 1).

In insects, the GC contents of compositional domains exhibit non-normal distributions with a mean of 32.7-44.6% and GC-content standard deviations (GCσ) of 7.7-11.1%. The mean GC content of the Atta cephaoltes genome (32.6%) is smaller than that of Apis mellifera (32.7%) and Nasonia vitripennis (41.7%), and its dispersal (GCσ = 8.2%) is narrow, compared to hymenopterans values (8.8% < GCσ < 11.1%). The range of GC content in hymenopteran compositional domains is the widest among all insects ranging from 3% to 75%, with honeybee domains setting both upper and lower limits (Figure 2). The Atta cephalotes genome does not consist of many short (< 10 kb) GC-poor domains, as in the honeybee genome, nor short GC-rich domains that are common in the honeybee and Nasonia vitripennis.  As a result, the Atta cephalotes domains have the narrowest range of GC-content (7-68%) among all completely sequenced hymenopteran genomes.

Comparing the composition of compositional domains with their lengths provides a general view of insect genomic architecture. We designate long (> 100 kb) compositional domains with GC content above or below the 5% mean genomic GC content as highly GC-rich and highly GC-poor domains, respectively. Overall, long highly GC-poor domains are very rare among insects. By contrast, long highly GC-rich domains are found mostly among hymenopterans, particularly in the Apis mellifera and Nasonia. The ant genome has the largest number of long domains (400), six times more than in Nasonia vitrippenis (72). Although all genomes in the analysis have a similar number of long domains (72-400), their GC composition varies greatly (Figure 2). Nearly all long domains in the Tribolium castaneum, Anopheles gambiae, and Drosophila melanogaster have GC contents within ±5% of the genomic mean GC content, whereas in the Apis mellifera and Nasonia vitripennis, approximately half of the domains are highly GC-rich. In Atta cephalotes, 90% of the long domains have GC contents within ±5% of the genomic GC content with only 7% highly GC-rich domains. Consistent with a narrow distribution of GC content is a more sigmoidal cumulative distribution of GC content in the Atta cephalotes genome than genomes of other hymenoptera (Figure 3, thin lines).

We determined the distribution of genes within compositional domains. We previously observed that genes in Apis mellifera and Nasonia vitripennis have a bias toward occurring in the more GC-poor regions of the genome 3[]
. In contrast, the genomes of non-hymeopteran species we have studied (Saccharomyces cerevisiae, Homo sapiens, Drosophila melanogaster, Anopheles gambiae, Pediculus humanus, Strongylocentrotus purpuratus, and Tribolium casteneum) showed either no bias at all or a very slight bias toward occurring in more GC-rich regions of the genome 
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.  Similar to most other hymenoptera genomes, genes in the ants, Linepithema  humile and Pogonomyrmex barbarus, tend to occur in the more GC-poor regions of their genomes. Interestingly, genes in Atta cephalotes are distributed uniformly throughout the genome with respect to GC content; there is no appreciable tendency for genes to occur in the more GC-rich or GC-poor regions of the genome. Thus, Atta cephalotes differs from hymenoptera genome studied thus far (Apis mellifera, Nasonia vitripennis, Pogonomyrmex barbatus, and Linepithema humile), which all show a tendency for genes to occur in GC-poor regions of the genome.

The genomic distributions of GC content (percent GC) was plotted as the total number of nucleotides versus percent GC, after concatenating sequences of compositional domains with equivalent GC contents (Figures 4). The Atta cephalotes genome does not have a bimodal distribution in GC content, while Nasonia vitripennis has a strong bimodal distribution, and Apis mellifera has a less pronounced bimodal distribution than Nasonia vitripennis. A similar analysis performed on exons and introns shows that introns of Atta cephalotes are more AT-rich than the Atta cephalotes genome, while GC contents for introns in Apis mellifera and Nasonia vitripennis are allocated more similarly to their genome distributions (Figure 4).

Methylation of CpG dinucleotides has been reported for Apis mellifera 7[]
, Nasonia vitripennis 3[]
, and found to be widespread among social hymenoptera, including two ant species 8[]
, but the relationship between the occurrence of CpG methylation and the distribution of CpG dinucleotides within the hymenoptera genomes remain unclear. The mean ratio of observed to expected CpG (CpG[o/e]) of the Atta cephalotes genome is 1.44, intermediate to that of Nasonia vitripennis (1.35) and Apis mellifera (1.66). The genomic distribution of CpG[o/e] was plotted as the number of nucleotides versus CpG[o/e], after concatenating compositional domain sequences with equivalent CpG[o/e] (Figure 5).  There is a clear bimodal distribution of CpG[o/e] in the genome of Nasonia vitripennis. The Atta cephalotes genome also has a bimodal distribution, but less pronounced than in Nasonia vitripennis.  The distribution is only slightly skewed to lower than mean CpG[o/e] Apis mellifera. A similar analysis was performed with coding exons and introns (Figure 5). Introns show single modes in Apis mellifera and Atta cephalotes and a bimodal distribution in Nasonia vitripennis. The clear bimodal distribution of CpG[o/e] in exons of Apis mellifera corresponds with the detection of CpG methylation in coding exons of Apis mellifera 7[]
. Atta cephalotes and Nasonia vitripennis have very similar distributions of CpG[o/e] in coding exons. Their coding exon CpG[o/e] is not bimodal, but only slightly skewed to lower than the mean CpG[o/e]. 
Methods

Recursive segmentation procedures that partition genomic sequences into compositional domains were shown to be the most accurate segmentation methods 9[]
. Here, we partitioned the genomic sequences into compositional domains using IsoPlotter, a segmentation algorithm that employs a dynamic halting criterion 10[]
. IsoPlotter recursively segments the chromosomes by maximizing the difference in GC content between adjacent subsequences. The process of segmentation was terminated when the difference in GC content between two neighboring segments was no longer statistically significant.

We carried out three analyses to study compositional domain architecture in insects. In the first analysis, we calculated the distribution of compositional-domain lengths. For convenience, compositional domains were divided by the order of magnitude of their lengths into short (103-104 bp), medium (104-105 bp), and long (105-107 bp). In the second analysis, we compared the distributions of GC contents of compositional domains. Finally, we compared the compositional-domain GC contents versus their lengths in a log scale.
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Table 1. Distribution of compositional-domain lengths 

	Order
	Species
	Number of compositional domains in length group
	Total compositional domains
	Genome size (Mb)

	
	
	1 kb - 10 kb (%)
	10 kb - 100 kb (%)
	100 kb -

1 Mb (%)
	1 Mb -

10 Mb (%)
	
	

	Hymenoptera
	A.cephalotes
	32,887 (88.1)
	4,042 (10.8)
	399 (1.1)
	2 (0.01)
	37,330
	281

	
	A.mellifera
	42,006 (91.1)
	3,944 (8.6)
	150 (0.3)
	0 (0)
	46,100
	230

	
	N.vitripennis
	51,064 (92.8)
	3,870 (7.0)
	72 (0.1)
	0 (0)
	55,006
	240

	Coleoptera
	T.castaneum
	15,432 (90.0)
	1,535 (8.9)
	183 (1.1)
	3 (0.02)
	17,153
	131

	Diptera
	A.gambiae
	36,941 (91.5)
	3,185 (7.9)
	231 (0.6)
	0 (0)
	40,357
	223

	
	Drosophila melanogaster
	12,297 (85.3)
	1,973 (13.7)
	154 (1.1)
	0 (0)
	14,424
	120
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Figure 1. The frequency of compositional-domain lengths in Atta cephalotes (red), Apis mellifera (blue), Nasonia vitripennis (turquoise), Tribolium castaneum (purple), Anopheles gambiae (black), Drosophila melanogaster (green).
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Figure 2. The cumulative density function of compositional-domain lengths (red) distributed according to a power-law. The solid black lines represent best fits to the data. 
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Figure 3. Comparison of GC content of compositional domains in the insects Atta cephalotes, Apis mellifera, Nasonia vitripennis and Drosophila melanogaster. Cumulative distributions show the fraction of genes (thick lines) or the entire genome (thin lines) occurring in GC-content domains (<x GC%). Similar to the other hymenopterans, Linepithema humile genes tend to occur in the AT-rich parts of the genome.
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Figure 4. Distribution of GC content in compositional domains, introns and coding exons of Apis mellifera, Atta cephalotes and Nasonia vitripennis.


[image: image5]
Figure 5. Distribution of CpG[o/e] in compositional domains, introns and coding exons of Apis mellifera, Atta cephalotes and Nasonia vitripennis.
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