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Fig. 5. DGF-1 members show significant similarity to a human beta integrin – (A) Schematic representation of DGF-1 and a human beta 7 subunit sequences. Positions of
conserved domains within the integrin sequence are indicated in parenthesis. Position of regions I–V within Dm 28c amino acid sequence: I (1–261), II (1478–1889), III
(2009–2386), IV (2028–2267), V (2278–2672). SP: signal peptide; VWFA: von Willebrand factor type A; TMH: transmembrane helix. In the DGF-1 sequence, numbers in
parenthesis represent the percentage of amino acid identity compared to the human beta 7 integrin and e-value obtained by BLAST. The segment from G8 clone that was
expressed in E. coli is depicted below Dm28c sequence (the corresponding position of the recombinant protein in the Dm28c sequence is shown in parenthesis). (B) Alignment
of beta 7 integrin and five regions from Dm 28c DGF-1 sequence. Conserved residues are shaded in black (100% conservation), gray (80% conservation) and light gray (60%
conservation); no shading denotes residues with less than 60% conservation.

detect several 150–250 kDa anti-DGF1 reactive species at the cell
surface and released into the medium is suggestive of significant
post-translational modification occurring during synthesis or
trafficking to the cell surface. DGF-1 proteins may be subjected
to proteolytic cleavage and it has already been demonstrated that
these proteins are post-translationally modified by N-glycans [33].
Besides, a high number of DGF-1 genes present less than 9,000 bp
[5] so that we cannot discard that smaller copies are functional.

4. Discussion

To invade cells T. cruzi exploits interactions of several molecules
present on both parasite and host cell surface. Although much is
known about this process, there is still no vaccine to prevent the
infection by the parasite. Several studies have demonstrated that
blocking specific parasite receptors does not inhibit thoroughly the
invasion of the host cells, and one possible reason is that there are
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Fig. 6. High-entropy positions are not necessarily under positive selection in DGF-1. (A) Shannon entropy (H) plot for amino acid alignment of 130 DGF-1 sequences from CL
Brener strain and the location of Blocks 1–4 used in the Nei-Gojobori test of positive selection implemented in MEGA program [49,50]. (B) Codons under positive/negative
selection. X-axis indicates codon position in the DNA alignment. Y-axis represents the level of significance in order to reject the null hypothesis (in this case, neutral evolution)
and was calculated as |1 − p-value of a Fixed Effects Likelihood test implemented in HYPHY program| [51]. Positive and negative Y values indicate occurrence of positive
(1 − p-value) and negative (p-value − 1) selection, respectively. (C) dN/dS ratio (ω) along all positions of DGF-1 alignment (Y-axis is logarithmic) as calculated in the Fixed
Effects Likelihood test. (D) ω/Shannon Entropy ratio along all positions of DGF-1 alignment. Positions at which H = 0 were excluded. Asterisk indicates DGF-1 regions (I–V, as
depicted in Fig. 5) with significant similarity to human beta 7 integrin subunit.

still unknown interactions involved in the trypomastigote entry.
Not until recently proteins coded by DGF-1 members were detected
in trypomastigotes [33] and little is known about its role in the
parasite life cycle.

DGF-1 genealogy (Figs. 1 and 2) showed that this gene fam-
ily could be divided into at least three groups. The fact that
some groups contained more sequences than others suggests the
occurrence of extensive gene duplication in a short time interval.
Duplicate genes tend to evolve in different patterns following the
duplication event. Although it often results in loss of gene func-
tion by pseudogene formation, some copies may retain the original
function while the other acquires a novel, evolutionarily adaptive
function [74–79]. The presence of parallel edges in both networks
inferred by using NeighborNet method (Figs. 2 and S1) indicate that
this gene family must have undergone reticulate events, such as
recombination, hybridization and/or gene conversion. It has also
been suggested the involvement of DGF-1 pseudogenes in diversity
generation by means of gene conversion [80].

Integrins are heterodimeric cell surface receptors that mediate
attachment to cell–cell and cell–matrix interactions as well as bidi-
rectional signal transduction between the cytosol and ECM. They
are composed of alpha and beta chains, which are encoded by
two different gene families with multiple members [81–83]. The
presence of integrin-like proteins have been described in primitive
organisms, such as Saccharomyces cerevisiae, Entamoeba histolytica,
C. albicans and D. amoebae [64,65,84–87]. Searching Trichomonas

vaginalis and Giardia lamblia genome databases we also found
hypothetical ORFs bearing integrin domains (data not shown). An
interesting feature of some of these proto-integrins is the presence
of RGD tripeptide, which may contribute to the adhesive capabil-
ities of these proteins. In Bordetella pertussis it has been shown
that an extracellular RGD sequence in the filamentous hemagglu-
tinin facilitated adhesion of the bacterium to human macrophages
in vitro [88]. It has been reported that pre-treatment of T. cruzi
trypomastigotes with a synthetic RGD-containing peptide signifi-
cantly decreased the invasion of cardiomyocytes [89]. Although the
authors have attributed these results to the RGD sequence present
in the cardiomyocyte fibronectin, now it is clear that this synthetic
peptide could have also blocked receptors on the parasite surface.
Considering the presence of EGF-like domains and RGD tripeptide
in DGF-1 genes in DGF-1 members (Figs. 3 and 4), we hypothe-
sized that they could bear integrin-like capabilities. In fact, using
TBLASTN we found a significant similarity (e-value <10−7) between
a Dm28c sequence and a human beta-7 integrin subunit (Fig. 5).
Estimated JTT distance between Dm 28c DGF-1 copy and human
beta 7 integrin was 2.1743, in comparison of JTT distance between
human and mouse beta 7 integrins 0.0561 (data not shown).

Our study is the first to provide evidence that T. cruzi try-
pomastigotes express DGF-1 proteins on the cell surface. Their
similarity to beta-integrins and our experimental data suggest a
possible involvement in parasite–host cell interactions. We have
tried to block trypomastigote invasion using our polyclonal serum
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Fig. 7. Codon usage of four-fold degenerated amino acids in DGF-1 members. Bars represent the average relative frequencies calculated from 130 CL Brener sequences (A)
and 136 DGF-1 pseudogenes (E). Error bars represent the standard deviation determined from each dataset. Panels B–D represent the relative frequencies of expressed copies
detected by RT-PCR (XP 813667, XP 807118 and XP 807429, respectively) and panels F–H are representative of pseudogenes (Tc00.1047053509659.20, Tc00.1047053509075.20
and Tc00.1047053505557.20, respectively). Dotted lines indicate the expected relative frequency if all synonymous codons were used uniformly (0.25).
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Fig. 8. DGF-1 members are expressed on the surface of trypomastigotes. (A) Flow cytometry of live trypomastigotes from Y and G strains using polyclonal anti-His6-G8.2
(Ab) or preimmune (C) serum. Histograms are representative of all replicates (relative number of parasites versus relative fluorescence intensity expressed as arbitrary units
on a logarithmic scale). (B) Western blot analysis of biotinylated surface proteins and parasite conditioned medium from Y trypomastigotes using anti-His6-G8.2 polyclonal
serum (dilution 1:500). B: column bound biotinylated surface proteins; L: total parasite lysate; U: unbound fraction (not bound to streptavidin); PCM: parasite-conditioned
medium.

anti-His6-G8-2 but no significant inhibition was detected (data not
shown). This could have several explanations, since the recombi-
nant protein corresponds to a small fragment of a complete DGF-1
copy and this gene family contains a very high number of copies.
In addition it was not possible to perform binding assays due to
protein insolubility problems. We have also unsuccessfully tried to
express several other portions of DGF-1 in E. coli, and the whole
extracellular domain using T. cruzi expression vectors.

Considering the high number of DGF-1 copies in the parasite,
a challenging task refers to identifying what copies are expressed
and if they have different ligands. In an attempt to predict which
members are likely to be expressed, we performed RT-PCR assays
and analyzed the codon usage profiles of the detected copies in CL
Brener, G and Y epimastigotes and Y trypomastigotes. We observed
a pronounced codon bias, favoring G/C nucleotides in the third
position of synonymous codons. This result was expected since GC
content of CL Brener was reported to be 51% for the whole genome
and 53.4% for protein-coding genes [5]. Sequences XP 807429 and
XP 816326 presented a different profile compared to the rest of
the family but very similar to each other. Future work will focus
on an individual analysis of the codon usage profile from each gene
copy. Surprisingly, the average frequencies of codon usage in DGF-1
pseudogenes were very similar to non-pseudogenes. One possible
explanation is the criteria used to annotate such sequences. To be
considered a pseudogene, deduced amino acid sequences should
contain stop codons inside the peptide sequence, not ending with a
stop codon nor starting with a start codon. Since the genome assem-
bly is incomplete, it is highly likely that some of these sequences
were misclassified. Typical pseudogenes are not transcribed and
consequently all nucleotide substitutions should occur randomly.
Thus, after a sufficient time interval all frequencies of codon usage
will be the same (considering the fourfold degenerated codons, this
frequency would be 0.25 for each synonymous codon). Although
pseudogene transcripts have been detected in other organisms,
they are isolated cases [90–93]. In trypanosomatids, however, tran-
scription is polycistronic and constitutive [94], possibly resulting
in the expression of some pseudogenes. If we assumed that DGF-
1 pseudogenes do have preferential codons, although they are not

translated, they could be under constraints other than functional
ones [95].

We used Shannon entropy because it does not require any
assumption about the protein function and it provides a direct mea-
sure (in bits) of the variability in each position of DGF-1 amino acid
alignment. We also performed two different tests to detect posi-
tive selection and compared these results to the entropy plot. Our
findings contradict the intuitive notion that highly variable posi-
tions are under positive selection since we observed no correlation
between Shannon entropy (H) and positive selection (ω) (Fig. 6D).
Of 327 codon positions that would be under positive selection 165
have low entropy values (H < 1.2) (Fig. S2 and Table S2, Supple-
mentary Material). It has been demonstrated that following gene
duplication, duplicated genes tend to evolve in different patterns,
i.e. they evolve at different rates, due to different functional con-
straints [75,78,96]. In this case one duplicate copy would still be
under strong constraints, while the other could have relaxed func-
tional constraints. This scenario, however, can only be observed in
recently duplicated genes since the vast majority of duplicates are
silenced within a few million years [75]. For this reason, we do
not believe that the lack of correlation between sequence diversity
and positive selection is an artifact. Considering biological organ-
isms as self-organizing dissipative structures, there is an alternative
thermodynamic hypothesis to explain these data. According to this
theory, entropy is what produces variability or complexity, upon
which natural selection acts. Biological organisms continuously
increase their complexity, e. g. accumulating mutations, so that
when a species’ information system becomes disorganized or too
complex (too many variants), this instability stimulates a bifurca-
tion event, leading to new states of order, containing less entropy
than the ancestral state [97–99].
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