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Origin and elaboration of a major 
evolutionary transition in individuality

Ab. Matteen Rafiqi1,2,3, Arjuna Rajakumar1,3 & Ehab Abouheif1 ✉

Obligate endosymbiosis, in which distantly related species integrate to form a single 
replicating individual, represents a major evolutionary transition in individuality1–3. 
Although such transitions are thought to increase biological complexity1,2,4–6, the 
evolutionary and developmental steps that lead to integration remain poorly 
understood. Here we show that obligate endosymbiosis between the bacteria 
Blochmannia and the hyperdiverse ant tribe Camponotini7–11 originated and also 
elaborated through radical alterations in embryonic development, as compared to 
other insects. The Hox genes Abdominal A (abdA) and Ultrabithorax (Ubx)—which, in 
arthropods, normally function to differentiate abdominal and thoracic segments 
after they form—were rewired to also regulate germline genes early in development. 
Consequently, the mRNAs and proteins of these Hox genes are expressed maternally 
and colocalize at a subcellular level with those of germline genes in the germplasm 
and three novel locations in the freshly laid egg. Blochmannia bacteria then selectively  
regulate these mRNAs and proteins to make each of these four locations functionally 
distinct, creating a system of coordinates in the embryo in which each location 
performs a different function to integrate Blochmannia into the Camponotini. Finally, 
we show that the capacity to localize mRNAs and proteins to new locations in the 
embryo evolved before obligate endosymbiosis and was subsequently co-opted by 
Blochmannia and Camponotini. This pre-existing molecular capacity converged with 
a pre-existing ecological mutualism12,13 to facilitate both the horizontal transfer10 and 
developmental integration of Blochmannia into Camponotini. Therefore, the convergence  
of pre-existing molecular capacities and ecological interactions—as well as the 
rewiring of highly conserved gene networks—may be a general feature that facilitates 
the origin and elaboration of major transitions in individuality.

The obligate endosymbiosis between the bacteria Blochmannia and 
ants of the Camponotini is thought to have contributed to the ecologi-
cal and evolutionary success of these organisms10,11,14–21. Phylogenetic 
evidence suggests that the ancestor of Blochmannia was horizontally 
transferred from hemipteran bugs (a distantly related order of insects) 
to the most recent common ancestor of the Camponotini approxi-
mately 51 million years ago10,16,22. Blochmannia enhances nutrition by 
increasing amino acid synthesis, which can regulate the size distribu-
tion of worker ants11,14,16,23. Ants, in turn, provide Blochmannia with a 
protected cellular environment for proliferation and ensure the strict 
vertical transmission of these bacteria through the germline17–19,24. As 
a consequence, Blochmannia and Camponotini have co-evolved and 
their phylogenies are congruent20,25,26.

Embryogenesis is radically altered
In ants, wasps and flies, the germplasm is a maternally inherited region 
of cytoplasm that is localized to the posterior pole of oocytes and 
freshly laid eggs, where it has a dual function in specifying the germline 

and the embryonic posterior27–31. The mRNAs and/or proteins of a group 
of highly conserved ‘germline genes’ are localized together in the germ-
plasm27 (Supplementary Table 1). To investigate whether the integration 
of Blochmannia into Camponotini influences the germplasm, we first 
determined the localization of mRNAs or proteins of germline genes 
in the freshly laid eggs of Lasius niger, an early-branching species that 
is in the same subfamily as the Camponotini (Formicinae) but that 
lacks Blochmannia. In L. niger, we found that vasa protein (Vas), nanos 
mRNA (nos), and oskar mRNA (osk) localize in a single germplasm at 
the posterior pole, similar to other ants, wasps and flies (Fig. 1a–c). We 
found that these germline genes in Camponotus floridanus, a species 
in Camponotini that has a germplasm surrounded by Blochmannia, 
also localize in a single germplasm at the posterior pole in oocytes 
(Extended Data Fig. 1a–i). Surprisingly, we discovered that, as the oocyte 
transitions to a freshly laid egg, the mRNAs or proteins of nine ger-
mline genes localize in four subcellular locations that we name ‘zones’: 
zone 1 (the ancestral position of the germplasm at the posterior pole 
at 100% length of the egg), zone 2 (located at about 80% egg length), 
zone 3 (located at about 60% egg length) and zone 4 (at the anterior 
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pole at 0% egg length, extending along the dorsal side to the anterior 
boundary of Blochmannia) (Fig. 1d–f, Extended Data Fig. 1j–o). At a later 
stage, after the egg cellularizes and has initiated zygotic expression 
(the cellular blastoderm stage), the mRNAs or proteins of these nine 
genes persist in these four zones (Fig. 1g–i, Extended Data Fig. 1p–u). 
In both freshly laid and later-stage eggs, the localization and expres-
sion of mRNAs or proteins of germline genes is combinatorial—most 
are present in all four zones, but nos mRNA is only in two zones and osk 
mRNA is only in one zone (Fig. 1d–i, Extended Data Fig. 1j–u, Extended 
Data Table 1). Furthermore, the localization of these mRNAs or proteins 
is also dynamic: in later-stage eggs, the number of zones in which nos 
mRNA is present increases to three, and to two for osk mRNA—but the 
number of zones in which smaug (smg) mRNA is present decreases 
from four to three (Fig. 1d–i, Extended Data Fig. 1j–u, Extended Data 
Table 1). This combinatorial and dynamic localization shows that these 
four zones are not identical and suggests that they have distinct roles 

in integrating Blochmannia into C. floridanus during embryogenesis. 
Finally, because the freshly laid egg is a single host cell, the evolution 
of these four distinct zones is the result of changes in the subcellular 
localization of maternally inherited mRNAs and proteins.

We next asked how the evolution of the four zones of germline genes 
has affected embryogenesis in C. floridanus. We discovered that the 
eggs of C. floridanus are radically altered relative to those of other 
insects (Fig. 1j–o). Although insect embryos typically form at the pos-
terior or throughout the entire egg30,32, the embryo of C. floridanus 
forms in the anterior. At the posterior of the egg, Blochmannia become 
enveloped by specialized cells known as bacteriocytes and eventually 
migrate to the midgut to provide nutrition11,14,16 (Fig. 1k, m–o, Extended 
Data Fig. 2a–c). Adjacent to bacteriocytes, the germ-cell precursors and 
a small population of Blochmannia are enveloped by a novel cell type 
we term the ‘germline capsule’, which—to our knowledge—has never 
previously been observed in insects (Fig. 1n, Extended Data Fig. 2d). 
The germline capsule then migrates posteriorly and attaches to the 
elongated embryo, where the germ cells and the small population of 
Blochmannia are transmitted to the next generation (Fig. 1o, Extended 
Data Fig. 2e, f). These results suggest that the four zones evolved to radi-
cally alter embryogenesis to integrate Blochmannia into C. floridanus.

We therefore investigated the role of each zone in this integration 
by tracking their fate in fixed embryos of known stages using Vas pro-
tein and osk mRNA (Extended Data Fig. 3). In freshly laid eggs, zone 1 
initially appears as if it will form a posteriorly localized germplasm, as 
in other ants (Extended Data Fig. 3j, v). However, smaller germplasm 
foci begin budding off zone 1 and eventually give rise to two subzones: 
‘ancestral germplasm’ at the posterior pole (which we term zone 1a) and 
germplasm foci at the centre of each bacteriocyte (zone 1b) (Extended 
Data Fig. 3a, b, j′, j′′, m–p, v′, v′′, w). At later stages, zone 1a and zone 1b 
migrate dorsally and are then no longer detectable (Extended Data 
Fig. 3c–h, p–u). By contrast, during the cellular blastoderm stage zone 2 
is enveloped by the germline capsule and later migrates to connect to 
the embryonic posterior, where it gives rise to germ cells (Extended 
Data Fig. 3d–i, k, q–u, x). This shows that zone 2 is a novel germline of 
C. floridanus, and that the ancestral germplasm in zone 1 has lost its role 
in germline formation and acquired an alternative role within bacte-
riocytes. Next, zone 3 begins as a stripe in freshly laid eggs, and is later 
expressed throughout the germband, becoming enriched along the 
midline of the embryo; this suggests that zone 3 patterns the embryonic 
midline (Extended Data Fig. 3a–f). At this stage, zone 3 is also enriched 
at the posterior of the embryo, which suggests that it also specifies the 
embryonic posterior (Extended Data Fig. 3c–f). Finally, zone 4 is at the 
anterior pole in freshly laid eggs and then begins to extend dorsally, con-
necting to Blochmannia (Extended Data Fig. 3a, b). Later, zone 4 appears 
in the yolk membrane abutting the anteriormost cells of the embryo and 
extends all the way into the bacteriocytes (Extended Data Fig. 3c–e, l). 
Eventually, the yolk membrane forms the midgut that houses the bacte-
riocytes (Fig. 1o, Extended Data Fig. 2c). This suggests that zone 4 has a 
role in the migration of bacteriocytes to the midgut. Altogether, our data 
show that the four zones have distinct roles during the developmental 
integration of Blochmannia into C. floridanus—zone 1 and zone 4 have 
roles that are related to bacteriocytes; zone 2 is the functional germline; 
and zone 3 has a role in the embryonic midline and posterior. Zone 1 and 
zone 2 may have evolved to segregate Blochmannia into bacteriocytes 
for nutrition (zone 1) and into the germline capsule for vertical trans-
mission (zone 2). Furthermore, zone 3 may have evolved to enhance 
the efficiency of this endosymbiosis by giving rise to an embryonic 
posterior in the anterior of the egg that is spatially separated from the 
Blochmannia populations in the posterior of the egg.

The Hox genes abdA and Ubx are rewired
In arthropods, the Hox genes abdA and Ubx function to morphologi-
cally differentiate the abdominal and thoracic segments after their 
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Fig. 1 | The evolution of four subcellular localization zones of germline 
genes that radically alter embryogenesis in C. floridanus. a–c, L. niger 
stage-1 freshly laid eggs, showing localization of Vas protein (a) in yellow, and 
nos mRNA (b) and osk mRNA (c) in blue. d–f, C. floridanus stage-1 freshly laid 
eggs, showing localization of Vas protein (d) in yellow, and nos mRNA (e) or osk 
mRNA (f) in blue. g–i, C. floridanus cellular blastoderm stage-6 embryos, 
showing expression of Vas protein (g) in yellow, and nos mRNA (h) and osk 
mRNA (i) in blue. j–o, Comparison of embryogenesis in L. niger ( j–l) and 
C. floridanus (m–o). j, m, Freshly laid eggs (stage 1). k, n, Cellular blastoderm 
(stage 6). l, o, Segmentation (stage 12). False colouring highlights embryo 
(emb) in cyan, Blochmannia (bl) and bacteriocytes (bc) in white, germline (gc) 
in yellow, extraembryonic tissue (ee) in red and germline capsule (cap) in green. 
In a, d and g, blue indicates DAPI nuclear stain. Arrowheads indicate subcellular 
localization or expression zones of germline genes: zone (Z)1, zone 1a, zone 1b, 
zone 2, zone 3 and zone 4. Anterior is to the left; dorsal is to the top. In situ 
hybridization and immunohistochemistry experiments were repeated at least 
4 (L. niger) or 8 times (C. floridanus) independently on n ≥ 5 (L. niger) or n ≥ 30 
(C. floridanus) embryos per developmental stage.
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formation33,34. In hemipterans (from which the ancestor of Blochmannia 
colonized the Camponotini10), abdA and Ubx have an additional role in 
the development of bacteriocytes35,36. We therefore asked whether abdA 
and Ubx have a role in the integration of Blochmannia into C. floridanus. 
We discovered that—unlike in any other known insect— the mRNAs 
and proteins of abdA and Ubx in C. floridanus are localized in oocytes 
and freshly laid eggs, which shows that they are maternally inherited 
(Fig. 2a, d, Extended Data Fig. 4a–c). In freshly laid eggs, mRNAs and 
proteins of abdA localize in zone 1 and zone 3 and those of Ubx localize in 
all four zones (Fig. 2a, d, Extended Data Fig. 4c). At later stages, mRNAs 
and proteins of both genes are co-expressed with Vas protein in all four 
zones, and are also expressed in bacteriocytes (Fig. 2b, e, Extended Data 
Fig. 4d). Towards the end of embryogenesis, the conserved expression 
of abdA and Ubx appears in the third thoracic and abdominal segments 
(Fig. 2c, f, Extended Data Fig. 4e). Our results suggest that the mRNAs 
and proteins of abdA and Ubx interact with germline genes and have 
a role in all four zones.

To test this, we performed RNA interference (RNAi) on freshly laid 
eggs to knock down maternal and zygotic abdA and Ubx expression. 
We performed abdA RNAi at two concentrations, which produced a 
range of phenotypes in each zone as compared to a YFP RNAi control  
(Fig. 2g, h, j–n, Extended Data Fig. 4f–p). abdA RNAi at the lower con-
centration results in truncation of the embryonic posterior (zone 3) 
after the third abdominal segment (Fig. 2g, h). abdA RNAi at the higher 
concentration results in mild and severe phenotypes. Embryos with 
mild phenotypes develop into y-shaped embryos split along the ventral 
midline, and which—at later stages—truncate after the third abdominal 
segment (Fig. 2j–l, Extended Data Fig. 4f–k). Embryos with severe phe-
notypes develop into an embryonic stub or are undetectable (Extended 
Data Fig. 4l–p). Furthermore, Ubx RNAi results in the truncation of the 
embryonic posterior (zone 3) at the third thoracic segment (Fig. 2g, i). 
These results show that abdA and Ubx specify the embryonic poste-
rior, and that abdA additionally functions in patterning the embryonic 
midline and forming the germband. Finally, abdA RNAi and Ubx RNAi 
also affect zone 1, zone 2 and zone 4: Blochmannia and bacteriocytes 
(zone 1 and zone 4) are eliminated (with abdA RNAi) or misplaced (with 
Ubx RNAi); the capsule (zone 2) develops external to the embryo (with 
abdA RNAi and with Ubx RNAi) or into an enlarged capsule (with abdA 
RNAi) (Fig. 2m–o, Extended Data Fig. 4o, p). Our RNAi data show that 
abdA and Ubx function in the four zones to integrate Blochmannia 
into C. floridanus.

We found that several germline genes were misexpressed after abdA 
RNAi, which suggests that abdA and Ubx are upstream of the germline 
genes (Extended Data Fig. 4f–n, p). To test this, we performed quan-
titative (q)PCR for nine germline genes on bacteriocytes (zone 1), the 
capsule (zone 2), and the germband and yolk sac together (zone 3 
and zone 4) after dissecting them out of YFP-RNAi, abdA-RNAi, and 
Ubx-RNAi embryos (Extended Data Fig. 4q, r). We found that ger-
mline gene expression is downregulated in all three tissues after 
abdA RNAi and Ubx RNAi, and is significantly different from that in the 
YFP-RNAi control (Extended Data Fig. 4q, r). This shows that abdA and 
Ubx are rewired within the highly conserved segmentation hierarchy 
to regulate germline genes in the four zones.

Blochmannia regulate Hox and germline genes
Blochmannia makes up 97.2% of the total DNA content in freshly 
laid eggs (Extended Data Fig. 2g–k). We therefore tested whether 
Blochmannia influences the four zones. To do this, we treated  
C. floridanus colonies with rifampicin, an antibiotic that eliminates 
Blochmannia11,14,15,19 (Fig. 3a, b, Extended Data Fig. 5a, c). We discovered 
that the formation of all four zones in freshly laid eggs is unaffected 
(Fig. 3c, Extended Data Fig. 6a, g, j, m, p). However, abdA mRNA and 
tudor protein (Tud) are lost from zone 1 and the ancestral germplasm 
becomes more tightly localized at the posterior pole, resembling the 

germplasm in other ants, wasps and flies29–31 (Fig. 3a, f, Extended Data 
Fig. 6a, d, g, j, m, p). Therefore, in freshly laid eggs, all four zones are 
established by C. floridanus, while Blochmannia selectively regulates 
mRNAs and proteins to modify zone 1. At the cellular blastoderm stage, 
we observed a range of phenotypes that we categorized into two classes 
(‘severe’ and ‘mild’) that occur in equal proportion. Severe phenotypes 
are nonviable because they have no developing germband, show a range 
of morphological defects, and in all four zones, the mRNAs or proteins 
of abdA, Ubx and the germline genes are either absent or mislocalized 
(Fig. 3e, h, Extended Data Fig. 6c, f, i, l, o, r). By contrast, mild pheno-
types are viable and show no morphological defects, and the mRNAs 
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Fig. 2 | The Hox genes abdA and Ubx are rewired to regulate germline genes 
in C. floridanus. a–f, Wild-type abdA and Ubx mRNA staining in blue in freshly 
laid eggs (stage 1) (a, d), cellular blastoderm (stage 6) (b, e) and segmented 
(stage 12) (c, f) embryos. g–i, Stage-12 embryos with engrailed (en) staining in 
blue, showing the control YFP RNAi phenotype (n = 70, 100%) (g), the 
low-concentration abdA RNAi phenotype (n = 35 out of 63, 56%) (h) and the 
high-concentration Ubx RNAi phenotype (n = 113 out of 122, 93%) (i).  
j, k, Stage-8 eggs with Vas protein in yellow, DAPI in blue and the embryo 
marked by dotted lines, showing the control YFP RNAi phenotype (n = 45, 100%) 
( j) and the high-concentration abdA RNAi phenotype (n = 21 out of 61, 34%) (k). 
l, Stage-12 eggs, showing the high-concentration abdA RNAi phenotype with 
DAPI in white (n = 22 out of 31, 71%). m–o, Stage-17 eggs false-coloured to show 
embryo (cyan), serosa (red), Blochmannia and bacteriocytes (white), and 
germline capsule (yellow), showing the control YFP RNAi phenotype (n = 70, 
100%) (m), the low-concentration abdA RNAi phenotype (n = 35 out of 63, 56%) 
(n) and the high-concentration Ubx RNAi phenotype (n = 113 out of 122, 93%) 
(o). Segments are marked as: maxillary (mx), thoracic segments (t)1–3 and 
abdominal segments (a)1–8. Zones and subzones are indicated with arrows. 
Anterior is to the left, dorsal is to the top; except for j–l, in which ventral is 
towards the reader. In situ hybridization and immunohistochemistry 
experiments (a–f) were repeated at least 8 times independently on 
n ≥ 30 embryos per developmental stage.



4  |  Nature  |  www.nature.com

Article

or proteins of abdA, Ubx and the germline genes are selectively lost in 
each of the four zones: abdA and Tud in zone 1a; abdA, Ubx, osk, nos and 
Tud in zone 1b; abdA, Ubx, osk, nos, Vas and aubergine protein (Aub) 
in zone 2; and staufen mRNA (stau) in zone 3 and zone 4 (Fig. 3d, g, 
Extended Data Fig. 6b, e, h, k, n, q, Extended Data Table 1). At later stages, 
mild-phenotype embryos develop normally but often show defects in 
the gonads (Extended Data Fig. 5j, l, m, o–q). These results show that 
Blochmannia bacteria maintain mRNAs or proteins within each zone 
and selectively regulate them to make each zone functionally distinct.

To rule out the possibility that these changes are the unspecific effect 
of antibiotic treatment, we transplanted Blochmannia from wild-type 
eggs into Blochmannia-free eggs from a rifampicin-treated colony. 
One hundred per cent of the transplanted embryos developed into 
embryos similar to those of wild-type eggs, with osk mRNA restored to 

both zone 1b and zone 2; by contrast, un-transplanted control embryos 
from the same rifampicin-treated colony developed mild and severe 
phenotypes (Fig. 3i–k). Furthermore, we treated C. floridanus with  
ampicillin and a Blochmannia-free species (L. niger) with rifampicin. 
These embryos developed into embryos that are similar to those 
of the wild type in each case (Extended Data Fig. 5). Therefore, our 
results show that, after all four zones are established by C. floridanus,  
Blochmannia bacteria selectively regulate the mRNAs and proteins 
of abdA, Ubx and the germline genes to make the four zones function-
ally distinct and to maintain these zones. Because abdA and Ubx are 
upstream of the germline genes, Blochmannia selectively regulate 
germline genes through abdA and Ubx.

The origin and elaboration of integration
On the basis of our results, we predicted that the radical alterations 
we observed in C. floridanus embryos evolved in the most recent com-
mon ancestor of the Camponotini during the origin of the obligate 
endosymbiosis with Blochmannia. To test this prediction, we used 
RevBayes37 to reconstruct the ancestral states of five developmental 
characters within the subfamily Formicinae (Fig. 4a, Extended Data 
Figs. 7, 8) to uncover the origin and elaboration of the developmental 
integration of Blochmannia into the Camponotini. In the ancestors 
of basally branching lineages, our reconstruction infers an embryo 
located in the posterior of the egg with a single germplasm (Fig. 4a 
(nodes 0–9 and 12–16), Extended Data Fig. 7 w–y, za, zb, zc, zd, ze). 
Notably, at node 10, node 11 and in Brachymyrmex patagonicus, the 
embryo shifted its location to the anterior but retained a single germ-
plasm at the posterior of the egg (Fig. 4a, Extended Data Fig. 7t–v, z). 
Furthermore, the most recent common ancestor of the four closest 
sister tribes of the Camponotini evolved a novel subcellular localization 
zone for Vas and the maternal AbdA and Ubx proteins (Fig. 4a (nodes 
12–16), Extended Data Figs. 7o–s, zf, zg, 8l–p). We infer that this zone 
is homologous to zone 3, because it is in a position similar to zone 3  
in C. floridanus embryos and lacks osk mRNA (which exclusively marks 
zone 1 and zone 2 in C. floridanus) (Extended Data Fig. 7zh, zi, zj, zk). 
Finally, in addition to the Camponotini, different obligate endosymbi-
onts evolved independently in the most recent common ancestor of the 
Formicini and Plagiolepidini10,25,38 (Fig. 4a, Extended Data Fig. 7zf′, zg′).  
Therefore, the ability to shift the embryo to the anterior and the  
capacity to localize mRNAs and proteins to novel zones evolved  
before the three known obligate endosymbioses in ants at node 12 
(Fig. 4a).

At the origin of the obligate endosymbiosis between Blochmannia 
and Camponotini, our reconstruction infers the evolution of three 
innovations: maternal AbdA and Ubx now localize to the ancestral 
germplasm (zone 1); zone 4 appears at the anterior pole and localizes 
Vas and maternal AbdA and Ubx; and the embryo shifts to the anterior 
of the egg, forming a novel embryonic posterior within zone 3 (Fig. 4a 
(node 17), Extended Data Figs. 7f–n, 8e–k). This integration was later 
elaborated within the derived genus Camponotus with two additional 
innovations: a germline in zone 2 that localizes Vas and maternal AbdA 
and Ubx and its surrounding germline capsule (Fig. 4a, Extended Data 
Figs. 7a–e, 8a–d). Our reconstruction uncovers the innovations that 
evolved before, during and after the origin of the obligate endosym-
biosis between Blochmannia and Camponotini.

Discussion
Here we provide evidence for the following pathway for the origin and 
elaboration of developmental integration between Blochmannia and 
Camponotini (Fig. 4b). In step 1 (pre-existing capacity), a novel zone 
(zone 3) evolved to have a role in embryonic patterning, before the 
origin of this developmental integration. This led to a pre-existing 
capacity to localize mRNAs and proteins to novel subcellular locations, 
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collected from the same Blochmannia-free rifampicin-treated colony as in j. 
One hundred per cent of the transplanted embryos develop into phenotypes 
similar to wild type (n = 35 of 35; compare i with k), and 0% (n = 0 of 35) develop 
into mild or severe phenotypes, one-tailed Fisher’s exact test (degrees of 
freedom = 1, P = 0.00002). Asterisks indicate absence of localization or 
expression in zones or subzones. Arrowheads indicate zones or subzones.  
bc, bacteriocytes; cap, giant capsule; ys, yolk sac. Question marks indicate 
presumptive zones. Anterior is to the left, dorsal is to the top. In situ hybridization  
and immunohistochemistry experiments were repeated at least eight times 
independently.
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which was subsequently co-opted to facilitate the integration of Bloch-
mannia into the Camponotini. Furthermore, colocalization of abdA, 
Ubx and the germline genes in zone 3 facilitated the rewiring of abdA 
and Ubx to regulate the germline genes either before or at the origin 
of integration. In step 2 (origin), Blochmannia gained the ability to 
selectively regulate germline genes through abdA and Ubx in each 
zone, which led to the evolution of three functionally distinct zones: 
the ancestral germline (zone 1); the embryonic midline and posterior 
(zone 3), which allowed the shift of the embryo to the anterior; and 
zone 4, which guides bacteriocytes to the midgut. In step 3 (elabora-
tion), some derived Camponotus species evolved a novel germline 
(zone 2) surrounded by a germline capsule, which freed the ancestral 
germline (zone 1) to have an alternative role within bacteriocytes. There-
fore, the origin and elaboration of this major transition in individuality 
occurred through the stepwise addition of zones from 1 to 2 to 3 to 4 
(Fig. 4b). This stepwise addition of zones evolved through tinkering with 
subcellular localization to produce distinct modules that divide labour 

within a single cell through the combinatorial localization of the same 
genes. Finally, the ecological mutualism between hemipteran bugs 
and the Camponotini10,12,13 is thought to have facilitated the horizontal 
transfer of Blochmannia into the Camponotini, which suggests that 
ecological circumstances and pre-existing developmental capacities 
must converge to produce favourable conditions for major evolution-
ary transitions to obligate endosymbiosis. We therefore propose that 
other major transitions in individuality may originate and also elaborate 
through the rewiring of highly conserved gene regulatory networks, as 
well as by exploiting pre-existing molecular or developmental capaci-
ties and ecological interactions.

Online content
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Fig. 4 | Origin and elaboration of developmental integration of 
Blochmannia into Camponotini. a, Phylogenetic tree of species within the ant 
subfamily Formicinae and outgroups; scale indicates millions of years ago 
(Ma). Nodes are numbered from 0 to 29. Species and subfamily names are 
indicated to the right of the tree, and names of tribes are indicated nearest to 
their node of origin. Black branches indicate lineages within the Camponotini 
with an obligate endosymbiosis with Blochmannia. Zones of mRNAs and 
proteins of germline genes are indicated by circles, and those of the maternal 
Hox genes abdA and Ubx are indicated by stars. Obligate endosymbionts in the 
posterior that are from different taxonomic lineages are indicated by triangles, 
the position of the embryo is indicated by a square and the presence of a 
germline capsule is indicated by a diamond. The different states of a 

developmental character are indicated by the different colours of the shaped 
icons. Character states predicted by RevBayes are marked with a ‘p’ 
superscript. Posterior probabilities for each node are listed in Extended Data 
Table 2. b, Proposed steps in the origin and elaboration of developmental 
integration between Blochmannia and the Camponotini. The number of 
localization zones (1 to 4) of mRNAs and proteins of germline genes (gl) and of 
the maternal Hox genes abdA and Ubx (mH) are indicated in black. Embryo and 
germline capsule are indicated in grey; Blochmannia is indicated in light green. 
Solidus (mH/gl) indicates that the maternal Hox genes are co-expressed with 
the germline genes, and arrows indicate that the maternal Hox genes are 
upstream of the germline genes.
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Methods

No statistical methods were used to predetermine sample size. The 
experiments that were randomized are indicated below and investiga-
tors were not blinded to allocation during experiments and outcome 
assessment, with the exception of the qPCR experiment, in which the 
technician at the IRIC-Genomics Platform was blinded to allocation 
during experiments and outcome assessment.

Ant culturing and collection
Colonies were maintained in plastic boxes with glass test tubes filled 
with water constrained by cotton wool, and were fed a combination 
of mealworms, crickets, fruit flies and Bhatkar–Whitcomb diet39. All 
colonies were maintained at 25 °C, 70% relative humidity and a 12-h 
day:night cycle.

Colonies were collected from the following locations: Aphaenogaster 
picea, Camponotus pennsylvanicus, Formica subscericea and Lasius niger 
were collected at McGill Gault Nature Reserve (Quebec, Canada) (45° 
32′ 12.4′′ N, 73° 09′ 10.1′′ W ± 1 km). Camponotus novaeboracensis ants 
were collected at Winnipeg (Manitoba, Canada) (49° 51′ 12.6′′ N, 97° 
08′ 14.0′′ W ± 1 km). Camponotus floridanus, Camponotus castaneus 
and Monomorium sp. were collected at Gainesville (Florida, USA) (29° 
42′ 05.7′′ N, 82° 20′ 43.5′′ W ± 1 km). Colobopsis impressus ants were 
collected at Gainesville (Florida, USA) (29° 41′ 07.4′′ N, 82° 13′ 38.5′′ 
W ± 1 km). Camponotus ocreatus, Camponotus sansabeanus, Formica 
occulta and Veromessor pergandei were collected at Miami (Arizona, 
USA) (33° 24′ 28.1′′ N, 111° 00′ 14.5′′ W ± 1 km). Camponotus festinatus, 
Camponotus americanus, Camponotus sansabeanus, Brachymyrmex 
patagonicus, Nylanderia fulva and Nylanderia vividula were collected 
at University of Texas at Austin, Brackenridge Field Laboratory (Texas, 
USA) (30° 17′ 2.40′′ N, 97° 46′ 40.80′′ W ± 1 km). Myrmica americana and 
Prenolepis imparis were collected at Medford (New York, USA) (40° 48′ 
6.8566′′ N, 73° 0′ 16.7756′′ W ± 1 km). Gigantiops destructor ants were 
collected at ACTS Research Station (Maynas, Peru) (3° 14′ 60.00′′ S, 72° 
54′ 36.00′′ W ± 1 km). Anoplolepis gracillipes, Dolichoderus thoracicus, 
Oecophylla smaragdina, Paratrechina longicornis, Colobopsis leonardi 
and Polyrhachis rastellata were collected at Mae Tang (Chiang Mai, 
Thailand) (location data not available). Polyrhachis schlueteri were 
collected at Bela Bela (Limpopo, South Africa) (24° 47′ 32.0′′ S, 28° 
17′ 30.6′′ E ± 1 km). Polyrhachis illaudata and Polyrhachis dives were 
collected at Hong Kong region Guangdong (China) (location data not 
available). Lasius emarginatus ants were collected at Palmanova (Udine, 
Italy) (45° 54′ 31.5′′ N, 13° 18′ 45.2′′ E ± 1 km).

Aphaenogaster picea, Camponotus pennsylvanicus, Formica subscericea,  
Lasius niger, Camponotus castaneus, Camponotus floridanus, Colobopsis  
impressus, Monomorium sp., Camponotus ocreatus, Camponotus sansa-
beanus, Formica occulta, Veromessor pergandei, Camponotus festinatus, 
Camponotus americanus, Camponotus sansabeanus, Brachymyrmex 
patagonicus, Nylanderia vividula, Myrmica americana and Prenolepis 
imparis were collected by the laboratory of E.A. Camponotus novaebo-
racensis was collected by J. Rand, Nylanderia fulva was collected by  
E. Lebrun and Gigantiops destructor was collected by J. Gibson  
(laboratory of A. Suarez). Anoplolepis gracillipes, Dolichoderus tho-
racicus, Oecophylla smaragdina, Paratrechina longicornis, Colobop-
sis leonardi and Polyrhachis rastellata were purchased from Ants of 
Asia (P. Williams), and Polyrhachis schlueteri, Polyrhachis illaudata,  
Polyrhachis dives and Lasius emarginatus were purchased from Ant-
store (M. Sebesta).

Ovary dissections
This protocol was modified from a previous publication40. Ovaries were 
dissected in 0.1% PBSTween (1.86 mM NaH2PO4, 8.41 mM Na2HPO4, 1.75 
M NaCl, 0.1% Tween20, pH 7.4) and kept on ice until fixation. First, the 
ovaries were removed from the oviduct. Ovaries were then separated 
into individual ovarioles, and the peritoneal sheath was then removed 

with fine forceps. Ovarioles were fixed in a solution of 5% formaldehyde 
(135 μl), 10% DMSO (100 μl) in 0.1% PBSTween (765 μl) for 25 min at 
room temperature, then washed with 0.1% PBSTween and gradually 
transferred to a solution of 100% methanol for storage.

Embryo collection and fixation
This protocol was modified from previous publications40–42. Embryos 
were treated with 4% hypochlorite solution (bleach) for 2 min. Embryos 
used for immunohistochemistry were then fixed using a ‘slow formal-
dehyde fixing method’ using PEMS (100 mM PIPES, 2 mM MgSO4, 1 mM  
EGTA, pH 6.9) and were treated with proteinase K (New England  
Biolabs) in PBS at a final concentration of 0.08 U/ml. Embryos used 
for in situ hybridization were heat-fixed using a boiling hot solution of 
PBS-Triton (1.86 mM NaH2PO4, 8.41 mM Na2HPO4, 1.75 M NaCl, 0.03% 
Triton-X-100, pH 7.4).

Embryo staging
Timed egg depositions were collected in smaller setups and allowed 
to develop at 25 °C, 70% relative humidity along with a few workers, 
and fixed at two-hour windows. The embryos were DAPI-stained and 
observed under differential interference contrast (DIC) and wide-field 
fluorescence for staging. As far as possible, the staging scheme land-
marks used correspond to Bownes’ staging scheme for Drosophila43.

Whole-genome shotgun sequencing
Whole DNA was isolated from 0–6-h-old embryos using Qiagen 
Genomic-tip 20/G kit. Shotgun sequencing was performed at Genome 
Quebec using Illumina HiSeq platform. Sequences were curated and 
BLAST searches performed using Geneious software44.

Gene cloning and molecular biology
Gene sequences were obtained from NCBI GenBank database using 
genome BLAST against the assembled C. floridanus genome45. The acces-
sion numbers of genes used in this study are: abdA XM_020027891.2; nos  
XM_011266396; osk XM_011254572.2; smg XM_011254071.3; stau 
XM_011254361.3; Ubx XM_011259757.1; en XM_011252307.3. It was nec-
essary to use a better-annotated Ubx cDNA sequence, which was sub-
mitted to GenBank under accession number MH801205. Camponotus  
floridanus and L. niger RNA was isolated using TRIzol (Invitrogen) from 
a pool of embryos and larvae of different developmental stages. RNA 
was then reverse-transcribed to synthesize a cDNA library. Specific 
primers were designed to amplify the gene fragments from cDNA 
libraries prepared from embryos and cloned in pGemT-easy vector 
(Promega) using standard procedures, and subsequently sequenced 
using Sanger sequencing at the Genome Quebec Innovation Centre. 
The primers used were: osk forward 5′-CGGAGAGCCTATTCCTTATC- 3′,  
and reverse 5′-GCCAGAGATCTGATCCAATTA- 3′, nos forward 5′-TCCCAGT 
TTGGACGAAGAATAAAG- 3′, and reverse 5′-GTTTTCCCGCAGAG 
TTTCTCAGTA- 3′, stau forward 5′-GCGAATTCACGGGTAGAGGT- 3′, and  
reverse 5′-GAAACACCAGCCGCATTCTG- 3′, abdA forward 5′-GTCTTC 
CTAAGAGCGACGAGC- 3′, and reverse 5′-GTGGGTACCTTACTGACTGCC- 3′,  
Ubx forward 5′-GCTTCTACGGAAGCCACCATC- 3′, and reverse 5′-TGCTTC 
TCCTGCTCGTTTAGC- 3′, smg forward 5′-TCACTTTTGCGTCGTCTACCT- 3′,  
and reverse 5′-AGAGAGAGCCAGTTTGTGCC- 3′, en forward  
5′-CGACACGAGCGAGGTATTGA- 3′, and reverse 5′-GAGGCCGATCGA 
TTTGACGA- 3′.

Identifying orthologues and paralogues
Amino acid sequence alignments were done using ClustalW in Geneious 
platform confirming the orthology of vasa (vas), oskar (osk), nanos 
(nos), tudor (tud), germ cell-less (gcl), staufen (stau), caudal (cad), 
smaug (smg), wunen-2 (wun2), aubergine (aub), heat shock protein 90 
(hsp90), argonaute 3 (ago3), abdominal A (abdA), Ultrabithorax (Ubx) 
and engrailed (en). The alignments are presented in Supplementary  
Figures 1–15. To search for any lineage-specific paralogues of the 
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germline genes that we studied, a blastn search was performed on 
the latest C. floridanus genome assembly accessed from: https://www.
ncbi.nlm.nih.gov/assembly/1752781 using a maximum E value of 0.05; 
scoring of 2, −3; and gap cost of 5, 2. Only hits above an e-value cut off 
(e−20) were considered and highlighted in bold. If the query subject 
had more than one hit but aligned to the same contig number, then 
it was concluded that no paralogues for the gene in question exist. 
However, if the query subject had more than one hit but was aligned 
to multiple contig numbers, then it was concluded that paralogues 
for the gene in question do exist. The hit tables are presented as Sup-
plementary Table 3.

Immunohistochemistry and in situ hybridization
The following are primary antibodies we used in this study, the concen-
trations at which we used them at, and their source: mouse anti-HSP90 
(1:100) antibody (BD bioscience 610418) and mouse anti-UbdA (1:4) 
antibody (FP6.87, DSHB), rabbit anti-Vasa (1:100) antibody (gift from 
P. Lasko), rabbit anti-Tudor (1:100) antibody (gift from P. Lasko), 
rabbit anti-Germ cell-less (1:300) antibody (gift from P. Lasko), rab-
bit anti-Aubergine (1:50) antibody (gift from P. Lasko), and rabbit 
anti-Oskar (1:100) antibody (gift from P. Lasko). Fluorescent second-
ary donkey anti-rabbit and anti-mouse polyclonal Alexa Fluor-488 
(AbCam) antibodies were used at 1:500 dilution to detect the primary 
antibody, according a previous publication30. In situ hybridization 
was done according to previous publications40,46, modified for in situ 
robot InsituPro VSi (Intavis) with the following modifications; the dura-
tion of wash steps was maintained according to the cited protocol but 
the buffer was exchanged every 5 min to increase agitation. Alkaline 
phosphatase secondary antibody anti-DIG-AP (Roche) was used to 
detect DIG-labelled probes and streptavidin-AP (Roche) reagent was 
used to detect biotin-labelled probes. Templates for probes were pre-
pared using PCR with T7 and SP6 primers on the plasmids containing 
cloned gene fragments. Probe synthesis was done using SP6 or T7 RNA 
polymerase (Roche) according to the suppliers’ directions. Probes 
were purified using phenol–chloroform and isopropanol precipitation 
method according to a previous publication47, and used at 3 ng/μl final 
concentration. The probes consisted of 538 bp of abdA (bases 28–566), 
424 bp of nos (bases 51–475), 848 bp of osk (bases 96–944), 987 bp of 
stau (bases 1121–2108) and 874 bp of Ubx (bases 32–906), 1,037 bp of 
en (bases 201–1237) and 949 bp of smg (bases 268–1197), in which base 
numbering starts at the start codon.

Microinjections and RNAi for phenotypic analysis
Embryos were collected as timed depositions from queens isolated 
with at least a dozen minor workers and at least six larvae and pupae. 
To eliminate any colony or day-of-injection related effects, embryos 
from multiple queens were collected, randomized between treatment 
and control and injected on the same day. Embryos were lined up along-
side a fine glass capillary on a Petri dish lid lined with a thin layer of 
2% agar in water and supplemented with 10 μl of 10 μg/ml ampicil-
lin, modified from a previous publication48. Injection needles were 
prepared using a micropipette capillary puller. Microinjections were 
done using FemtoJet Express and InjectmanNI2 (Eppendorf) setup 
on a Zeiss Axiovert zoom inverted microscope using the following 
settings: control pressure 2 psi, injection pressure 18 ps, and injection 
time 0.1 s. The needle tip was broken open by gently pushing it against 
a glass coverslip immersed in halocarbon oil. The injection volume was 
adjusted after the needle was broken. Injection volumes were between 
0.5 and 1 nl. Embryos were incubated at 25 °C 70% relative humidity 
chamber. Embryos were transferred every 24 to 48 h on to fresh 50-mm 
Petri-dishes containing 2% agar in water topped with a Whatmann fil-
ter paper and supplemented with 10 μl of 10 mg/ml ampicillin. DNA 
templates for double-stranded (ds) RNA were prepared using PCR 
with M13 forward universal primer and M13 reverse universal primer 
containing a T7 promoter overhang on plasmids containing cloned 

gene fragments as templates. The templates were used to generate 
dsRNA using T7 RNA polymerase (Roche) according to manufacturer’s 
instructions. For controls, dsRNA was generated using the same method 
from a plasmid containing cloned 720 bp of the YFP coding sequence.

Quantitative PCR
Microinjections and RNAi. Embryos were collected as timed deposi-
tions from queens isolated with at least a dozen minor workers and at 
least six larvae and pupae. To eliminate any colony or day-of-injection 
related effects, embryos from multiple queens were collected, rand-
omized between treatment and control and injected on the same day. 
Embryos were lined up alongside a fine glass capillary on a Petri dish 
lid lined with a thin layer of 2% agar in water and supplemented with 
10 μl of 10 μg/ml ampicillin, modified from a previous publication48. 
Injection needles were prepared using a micropipette capillary puller. 
Microinjections were done using FemtoJet Express and InjectmanNI2 
(Eppendorf) setup on a Zeiss Axiovert zoom inverted microscope us-
ing the following settings: control pressure 2 psi, injection pressure  
18 psi and injection time 0.1 s. The needle tip was broken open by gently 
pushing it against a glass coverslip immersed in halocarbon oil. The 
injection volume was adjusted after the needle was broken. Injection 
volumes were between 0.5 and 1 nl. Embryos were incubated at 25 °C 
70% relative humidity chamber. Embryos were transferred every 24 h  
on to fresh 50-mm Petri dishes containing 2% agar in water topped with 
a Whatmann filter paper and supplemented with 10 μl of 10 mg/ml am-
picillin. DNA templates for dsRNA were prepared using PCR with M13 
forward universal primer and M13 reverse universal primer containing a 
T7 promoter overhang on plasmids containing cloned gene fragments 
as templates. The templates were used to generate dsRNA using T7 RNA 
polymerase (Roche) according to manufacturer’s instructions. For 
controls, dsRNA was generated using the same method from a plasmid 
containing cloned 720 bp of the YFP coding sequence.

Sample preparation for qPCR. Embryos were collected at stage 8, 5 days  
after injection and heat-fixed by immersing in a boiling hot solution of 
PBS-Triton (1.86 mM NaH2PO4, 8.41 mM Na2HPO4, 1.75 M NaCl, 0.03% 
Triton-X-100, pH 7.4) for 1 min followed by rinses with ice-cold PBS. 
Individual germline capsules, bacteriocytes and yolk sacs with intact 
germbands curled around them were separated using sharpened tung-
sten needles, and extraembryonic serosa tissue was discarded. For each 
gene, 40 individual samples were divided into 4 technical replicates of 
10, and the 10 samples within each technical replicate were pooled and 
immediately placed in 200 μl Trizol reagent. RNA was prepared on the 
same day using standard Trizol method. First-strand cDNA synthesis 
was done using Superscript-II reverse transcriptase (ThermoFisher). In-
stead of universal oligo-dT primers an equimolar pool of the following 21 
gene specific primers (including those of 8 endogenous control genes) 
was used to account for low yields in small tissue preparations: vasa  
5′-CGATATCTGGTAGAAAGCCC- 3′, osk 5′-GCCAGAGATCTGATCCAATTA- 3′,  
nos 5′-GTTTTCCCGCAGAGTTTCTCAGTA- 3′, tud 5′-AGCGCCGGTTC 
TATCATGTC- 3′, gcl 5′-CCATCTCCAAGTATGTTCACC- 3′, stau 5′-GAAAC 
ACCAGCCGCATTCTG- 3′, smg 5′-AGAGAGAGCCAGTTTGTGCC- 3′, ago3 
5′-TACACCCGTTATGCTTTTGA- 3′, cad 5′-AGAGGCGCCGATAGAGATGA 
A- 3′, arm 5′-TCTCGGTGCCTGTGATTCTG- 3′, abdA 5′-TCCAGGCCGC 
TTACGTGATG- 3′, Ubx 5′-TGCTTCTCCTGCTCGTTTAGC- 3′, wun2 5′-TCG 
TAATCGGTAGGTCGATGC- 3′, act5c 5′-GAACGGTGTTGGCGTACAG 
A- 3′, tub 5′-CGACGGAGAGTTGTTCGTGA- 3′, argk 5′-CCTGTCCAAG 
ATCACCACCC- 3′, ef1 5′-AGTGGTCAATCCAGCAGGTG- 3′, efl-like 5′-GCA 
GCTGGTATTCCCGTTTG- 3′, hisH-3 5′-CCCTGAAAAGGGCCGATTG 
T- 3′, rp60S 5′-AACGTGCACTGGCATTTGTC- 3′, and gadph 5′-ATTCGCCA 
TACGACGAGACC- 3′.

Quantitative PCR. Quantitative PCR was performed at IRIC-Genomics 
Platform using qPCR Taqman method49 with the following prim-
ers: vasa forward 5′-CACAAGTACTTATTGTATCACCCACA-3′and 
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reverse 5′-GAAAATTTCTTGGCCTGTTGA-3′, osk forward 5′-AATCTCG 
TCGGAGAGCCTAT-3′and reverse 5′-AAATGCACGGAGACTCGAAA-3′, 
nos forward 5′-CCTTACCAACAGAATGCGTCT-3′and reverse 5′-TCCT 
TTAGCAGATGTTTTCGATAG-3′, tud forward 5′-ATTGTGGGTAC 
GAATATGTTATCG-3′and reverse 5′-ATGACAATGGTGTTAACATAAAGGAT
-3′, gcl forward 5′-AAAACGATGGTTGGAAGTCAA-3′and reverse  
5′-TGCCATTAAATCTGGTGCAA-3′, stau forward 5′-AACCCGCG 
AAACCATCTAT-3′and reverse 5′-CGTCACTTTTCTGGGTTTCG-3′, ago-
3, forward 5′-TGGCATAGATGTCTATCATGCTG-3′and reverse 5′-GCAAC 
AAATCCTGCAACACTC-3′, cad forward 5′-ATGTCAATGCAGGCAGCAC-
3′and reverse 5′-ACGTGGACGGAGATGTCG-3′, wun2 forward 5′-TCTTGGC 
ACAATCGTAGCTTT-3′and reverse 5′-TCCGTGGAAGAATGCCTCT-3′, tub 
forward 5′-CACAGGCACGTATCGACAAC-3′and reverse 5′-GCCACGCG 
CATAATTGTT-3′, act5c forward 5′-CGTCATCAGGGTGTCATGG-3′ 
and reverse 5′-CAAGATACCTCTCTTCGATTGAGC-3′, rp60S forward  
5′-GCGTTTCAAGGGCCAATAC-3′and reverse 5′-GCAGCATGTGA 
CGTGTTTTC-3′, argk forward 5′-TGGTAGACGCAGCGGTTT-3′and  
reverse 5′-AACGACTTGCTGTCGGATTC-3′, efl-like forward 5′-ACGTTATT 
GTCGAGGCCAAG-3′and reverse 5′-GGCAGGACGTATCTGCGTA-3′, ef1  
forward 5′-GCTGCAGTCGCATTTGTTC-3′and reverse 5′-ATCTTGGAAGAT 
GGCTCCAG-3′, gapdh forward 5′-GCGGTGCCAAGAAGGTTAT-3′and reverse  
5′-CCAAGTTTACACCGACAACG-3′, hisH-3, forward 5′-CTACTAAAGCGG 
CGAGGAAG-3′and reverse 5′-CCAGGCCTATAACGATGAGG-3′.

The endogenous control genes used (the last 8 primer pairs above) 
were: Actin5c, 60S ribosomal protein, arginine kinase, efl-like, elonga-
tion factor1, gadph, histone H3 and tubulin. The most stable endog-
enous controls were established through the use of the algorithms 
integrated in the RefFinder package50 that integrates four different 
protocols; GeNorm, BestKeeper, NormFinder and the comparative 
ΔCT method51–54 (Supplementary Fig. 16). Four of the endogenous con-
trols (gapdh, hisH3, rp60S and argk) were deemed most stable and the 
geometric mean of these was used for calculating ΔCT values for each 
target gene within each biological sample and replicate according to 
previously published recommendations51 (Supplementary Fig. 16). 
Relative quantifications for abdA RNAi, Ubx RNAi and control YFP RNAi 
were calculated by the formula: relative quantification = 2−ΔΔCT, in which 
ΔΔCT is the difference between ΔCT in each RNAi sample and the aver-
age of ΔCT values in all YFP RNAi replicates of that treatment group. 
ΔΔCT values for each of the individual data points of the control YFP 
RNAi were also calculated using the average of all YFP RNAi from that 
particular biological replicate (black bars in Extended Data Fig. 4q, r). 
This method allows for consistency because the statistical analyses are 
performed on the same relative quantification values that are used to 
plot the bar graphs.

Antibiotic treatment
Two mature colonies were treated with rifampicin to test the effects of 
Blochmannia on embryonic development of C. floridanus. Rifampicin 
powder (Sigma; R883) was dissolved in water at a stock concentration of 
2 mg/ml and then diluted 1:1 (final concentration 1 mg/ml rifampicin) in 
a 50% honey–water (Kirkland Signature) solution. Colonies were given 
fresh rifampicin–honey–water three times a week for two months. 
After two months, embryos were collected, fixed and stained with 
DAPI to confirm elimination of Blochmannia. Once elimination of 
Blochmannia was confirmed, embryos were collected and fixed for 
subsequent gene expression analysis. To rule out the possibility that the 
changes in phenotypes and gene expression or localization observed 
after rifampicin treatment are the unspecific effect of antibiotics were 
performed two controls: (1) a C. floridanus colony was treated with 
ampicillin, which does not eliminate Blochmannia from the colonies. 
Ampicillin powder (Fisher scientific; BP1760-25) was dissolved in water 
at a stock concentration of 400 mg/ml and then diluted 1:1 (final concen-
tration 200 mg/ml ampicillin) in 50% honey–water solution. Colonies 
were treated in exactly the same manner as that for rifampicin. (2) An  
L. niger colony—a species that is in the same subfamily as C. floridanus 

but lacks Blochmannia—was treated with rifampicin in the same manner 
as C. floridanus. Lasius niger colonies were also treated with the same 
rifampicin regimen as C. floridanus and embryos were collected and 
fixed for subsequent gene expression analysis after at least two months.

Phylogenetic sampling, developmental characters and ancestral  
state reconstruction
Phylogenetic sampling. Thirty-one ant species were sampled in total: 
26 from the subfamily Formicinae and 5 from 2 sister subfamilies of 
the Formicinae, the Myrmicinae (4 species) and the Dolichoderinae  
(1 species). Within the Formicinae, 14 in-group species within the 
Camponotini that evolved the obligate endosymbiosis with Bloch-
mannia were sampled, and 12 out-group species were sampled that lack  
Blochmannia. Phylogenetic relationships and branch length infor-
mation for these 31 species were obtained from previous molecular 
phylogenetic studies26,55–57.

Developmental characters. The following five developmental char-
acters were characterized for each species: (1) character 1 is defined as 
the presence of specific localization zones of mRNAs and proteins of 
the germline genes based on Vas protein. Character 1 has four states: 
an embryo with the presence of 1, 2, 3 or 4 localization zones of mRNAs 
and proteins of germline genes as illustrated in Fig. 4a; (2) character 
2 is defined as the presence of specific localization zones of mRNAs 
and proteins of the maternal Hox genes Ubx and abdA based on the 
UbdA antibody that recognizes both Ubx and AbdA protein (with the 
exception of 1 species, C. impressus, which is based on abdA mRNA). 
Character 2 has four states: an embryo with the presence of 0, 1, 3 or 
4 localization zones of mRNAs and proteins of maternal Hox genes 
Ubx and abdA, as illustrated in Fig. 4a; (3) character 3 is defined as the 
presence and type of obligate endosymbionts at the posterior of the 
egg on the basis of our own data and previous studies8,9,58,59. Previous 
phylogenetic evidence10,25,38 showed that the three types of obligate 
endosymbionts within the Formicinae—the Camponotini obligate 
endosymbiont (Blochmannia), the Formica obligate endosymbiont 
and the Plagiolepidini obligate endosymbiont—were acquired inde-
pendently and evolved convergently. Therefore, character 3 has four 
different states: an obligate endosymbiont at the posterior is absent; 
the Camponotini obligate endosymbiont (Blochmannia) is present at 
the posterior of the egg; the Formicini obligate endosymbiont is present 
at the posterior of the egg; or the Plagiolepidini obligate endosymbiont 
is present at the posterior of the egg, as illustrated in Fig. 4a; (4) charac-
ter 4 is defined as the location of the embryo within the egg. Character 4 
has two states: either the embryo is located in the posterior of the egg or 
the embryo is located in the anterior of the egg, as illustrated in Fig. 4a; 
(5) character 5 is defined as the germline capsule. Character 5 has two 
states: either the germline capsule is present or the germline capsule 
is absent, as illustrated in Fig. 4a.

Ancestral state reconstruction. RevBayes (v.1.7.10)37 was used to re-
construct ancestral character states for the 5 developmental charac-
ters across 31 ant species sampled. RevBayes37 uses Bayesian Markov 
chain Monte Carlo (MCMC) methods to estimate model parameters60. 
Ancestral states were estimated using two evolutionary models for 
discrete characters: the ‘equal-transition rates’ and ‘unequal-transition 
rates’ models. The equal-transition rates model assumes characters are 
equally likely to change from any one state to any other state, whereas 
the unequal-transition rates model assumes that the transition from 
any one state to any other state is unequal and can occur according to 
different rate parameters37. Both models were applied on each of the 
five developmental characters, and each model was run independently 
twice for 1,000,000 MCMC generations sampling every 500 genera-
tions. After completion of the MCMC analysis, the first 25% of the trees 
were discarded as a burn-in. Convergence between chains, likelihood 
scores and estimate sample size values were evaluated using Tracer  
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(version 1.7)61. The estimate sample size value for each parameter sam-
pled from the MCMC analysis was always recorded as >1,000, indicating 
that the number of effectively independent draws from the posterior 
distribution from of all MCMC runs was adequate. Model selection was 
performed using marginal log-likelihoods, which represent the prob-
ability of the data given a specific model integrated over all possible 
parameter values37. Bayes factors were computed and used to estimate 
and compare the probabilities of the unequal and equal models given 
the data for each developmental character. Stepping-stone sampling 
(50 MCMC runs in RevBayes37) was used to approximate the marginal 
log-likelihoods62. The unequal model was found to be the model that 
best fit the data for all developmental characters (Extended Data  
Table 2). Nonetheless, the equal model also gives posterior probabilities 
similar to those of the unequal model (Extended Data Table 2), indicat-
ing that the reconstruction obtained for each dataset is robust to the 
evolutionary model assumed. Finally, we assessed the sensitivity of 
these posterior probabilities to the branch lengths obtained from the 
literature by repeating all of the above analyses, but setting all branch 
lengths equal to 1. The posterior probabilities obtained with all branch 
lengths equal to 1 were similar to those obtained from the literature 
(Supplementary Table 2), indicating that the reconstruction obtained 
for each dataset is robust to the branch lengths used.

Microscopy
We used a Zeiss Discovery V12 stereomicroscope and Zeiss Axiovision 
software to image embryos and ovaries. For high-resolution imaging, 
we used Leica SP8 confocal microscope. ImageJ2 was used for analysis 
of images63.

Statistics and reproducibility
For a given gene, in situ hybridization and immunohistochemistry, the 
sample size for C. floridanus consisted of at least 30 embryos or ovari-
oles of similar stages; for other species that produce far fewer embryos, 
the sample size consisted of at least 5 embryos of similar stages. One 
hundred per cent of the embryos sampled showed the same expression 
patterns. In situ hybridization and immunohistochemistry experiments 
for C. floridanus were repeated at least eight times independently. For 
other species, these experiments were repeated at least four times. 
For RNAi experiments, phenotypes were considered reproducible if 
at least three independent replicates gave the same results. For qPCR, 
statistical analysis was performed using Graphpad Prism v7. or Micro-
soft Excel. Relative quantification values for YFP RNAi,s abdA RNAi 
and Ubx RNAi were calculated by the same method to ensure consist-
ency between plotted results on the graph and for analysis of variance 
(ANOVA). Two-way ANOVA with replication was performed, in which 
Ubx RNAi was compared with YFP RNAi and abdA RNAi with YFP RNAi, 
treating RNAi as fixed and nine target genes as random effects. Each of 
the tissues (zone 1, zone2 and zone 3 + zone 4) was analysed by ANOVA 
as a separate experiment. The qPCR experiments were performed 
blind at the Genomic Platform facility at the Institute for Research in 
Immunology and Cancer. Fisher’s exact test was performed to deter-
mine: (i) whether there is a significant difference in phenotype fre-
quency (wild-type-like versus mild or severe) between control embryos  
collected from rifampicin-treated colonies versus tranplanted embryos 
collected from rifampicin-treated colonies. Analyses were considered 
statistically significant at α < 0.05. For blinding and reproducibility, two 
different researchers independently performed the following steps 
without communicating each step: sample collection from colonies, 
randomization of embryos between treatments, treatment of samples, 
replicate maintenance, and data acquisition and analysis.

Reporting summary
Further information on research design is available in the Nature 
Research Reporting Summary linked to this paper.

Data availability
All relevant data are included in the Article, Extended Data and 
Supplementary Information. Raw sequence data that support the 
findings of this study have been deposited in GenBank with acces-
sion code MH801205, and in NCBI Sequence Read Archive with the 
accession code PRJNA625680. All raw image data that support the 
findings of this study are available in FigShare with the following 
identifiers: reference number 78072 (https://figshare.com/projects/
The_origin_and_elaboration_of_a_major_evolutionary_transition_in_
ants/78072); Fig. 1, https://doi.org/10.6084/m9.figshare.12133308; 
Fig. 2, https://doi.org/10.6084/m9.figshare.12133311; Fig. 3, https://
doi.org/10.6084/m9.figshare.12133314; Fig. 4, https://doi.org/10.6084/
m9.figshare.12133326; Extended Data Fig. 1, https://doi.org/10.6084/
m9.figshare.12133296; Extended Data Fig. 2, https://doi.org/10.6084/
m9.figshare.12133287; Extended Data Fig. 3, https://doi.org/10.6084/
m9.figshare.12133110; Extended Data Fig. 4, https://doi.org/10.6084/
m9.figshare.12133278; Extended Data Fig. 5, https://doi.org/10.6084/
m9.figshare.12130902; Extended Data Fig. 6, https://doi.org/10.6084/
m9.figshare.12131022; Extended Data Fig. 7, https://doi.org/10.6084/
m9.figshare.12132993; Extended Data Fig. 8, https://doi.org/10.6084/
m9.figshare.12131430. Source data are provided with this paper.
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Extended Data Fig. 1 | Distribution of Blochmannia during oogenesis and 
the subcellular localization and expression of germline genes in 
C. floridanus oocytes and embryos. a–f, f′, Ovaries showing nuclear-stain 
DAPI in blue and Blochmannia in white: germline stem-cell niche without 
Blochmannia (a), germarium in which Blochmannia colonization occurs (b), 
Blochmannia initially fill the entirety of the cytoplasm of young oocytes (c) and 
progressively localize to the posterior pole of older oocytes (d–f), where 
Blochmannia surrounds the germplasm (f′). f′, g–i, Mature oocytes showing 
maternal expression of germline genes in oocytes, showing osk mRNA in 
magenta (f′), Vas protein in yellow (g), nos mRNA in blue (h), Aub protein in 
green (i) and nuclear-stain DAPI in blue. j–o, Subcellular localization zones in 

stage (st)-1 freshly laid eggs showing Aub protein in green ( j), Gcl protein in 
orange (k), Tud protein in white (l), Hsp90 protein in red (m), smg mRNA in blue 
(n) and stau mRNA in blue (o). p–u, Expression in stage-6 cellular blastoderm 
embryos showing Aub protein in green (p), Gcl protein in orange (q), Tud 
protein in white (r), Hsp90 protein in red (s), smg mRNA in blue (t) and stau 
mRNA in blue (u). Arrowheads indicate subcellular localization or expression 
zones of germline genes: zone 1, zone 1a, zone 1b, zone 2, zone 3 and zone 4. 
Anterior is to the left, dorsal is to the top. In situ hybridization and 
immunohistochemistry experiments were repeated at least 8 times 
independently on n ≥ 30 oocytes or embryos per developmental stage.



Extended Data Fig. 2 | Blochmannia segregates between bacteriocytes and 
germline capsule, and makes up 97.2% of DNA content in freshly laid eggs of 
C. floridanus. a–f, Blochmannia: at the posterior pole in freshly laid stage-1 
eggs (a); inside bacteriocytes in stage-8 embryos (b); in bacteriocytes that line 
the midgut of stage-17 embryos (c); together with germline-precursor nuclei 
(yellow arrowheads) along the crest of the future germline capsule (d); 
surrounding the novel germline within the germline capsule (e); and as a small 
seed population for vertical transmission in the germline capsule (f). g, Freshly 
laid egg with DAPI in white, showing few zygotic nuclei in the anterior and 
Blochmannia at the posterior pole. h–k, Pie charts representing the number of 
Illumina Hi-Seq reads that match each of the indicated genera from DNA of 
freshly laid eggs. h, High abundance of Blochmannia DNA (blue) compared to 
that of host DNA (orange) and of other associated microorganisms (slim black 
slice) (shown in more detail in i–k) of decreasing abundance. We used a 
sequence similarity (e-value) of e−3 as a cut-off value for including any genus in 
our analysis. Numbers in j and k represent the following species: 8, Serratia; 
9, Leuconostoc; 10, Cupriavidus; 11, Cutibacterium; 12, Corynebacterium; 13, 
Mycobacterium;14, Candida; 15, Cyberlindnera; 16, Lactobacillus; 17, 

Brevibacterium; 18, Methylobacterium; 19, Pan; 20, Staphylococcus; 21, 
Sphingomonas; 22, Bradyrhizobium; 23, Plasmopara; 24, Bacillus; 25, 
Streptococcus; 26, Sphingopyxis; 27, Hyphomicrobium, 28, Acinetobacter; 29, 
uncultured; 30, see k; 31, Burkholderia; 32, Achromobacter; 33, Pichia; 34, 
Hyphopichia; 35, Penicillium; 36, Cyprinus; 37, Paenibacillus; 38, 
Brachybacterium; 39, Stenotrophomona; 40, Variovorax; 41, Streptomyces; 42, 
Sphingobium; 43, Nocardiopsis; 44, Dermabacter; 45, Sphingobacteriu; 46, 
Klebsiella; 47, Morganella; 48, Acidovorax; 49, Malassezia; 50, Lysobacter; 51, 
Rothia; 52, Pongo; 53, Rhodoplanes; 54, Microbacterium; 55, Rhodopseudomona; 
56, Acheta; 57, Exiguobacterium; 58, Paraburkholderi; 59, Enterococcus; 60, 
Ramlibacter; 61, Actinomyces; 62, Bordetella; 63, Xanthomonas; 64, 
Brevundimonas; 65, Citrobacter; 66, Drosophila; 67, Lactococcus; 68, 
Mesorhizobium; 69, Candidatus; 70, Gluconobacter; 71, Rhodococcus; 72, 
Rubrivivax; 73, Saccharomyces; 74, Chelatococcus; 75, Hydrogenophaga; 76, 
Micrococcus; 77, Rhizobium; 78, Thauera; 79, Azospirillum; 80, Bosea; 81, 
Micromonospora; 82, Caulobacter; 83, Triticum; 84, Tsukamurella. DAPI 
staining was repeated at least 4 times on n ≥ 30 embryos per developmental 
stage.
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Extended Data Fig. 3 | See next page for caption.



Extended Data Fig. 3 | Tracking the four functionally distinct zones 
through C. floridanus embryogenesis. a–i, Embryos showing Vas protein 
staining in yellow and DAPI in blue: freshly laid stage-1 and -2 eggs (a, b), cellular 
blastoderm stage-4 and -6 (c, d), gastrulation stage-7 (e), germband extension 
stage-8 to -10 (f–h) and segmentation stage-12 (i) embryos. j, j′, j′′, k, l, Embryos 
showing higher-magnification confocal images of zone 1–4: freshly laid stage-1 
egg, showing small germplasm foci budding off of the ancestral germplasm  
( j, j′, j′′), stage-8 embryo showing novel germline (k), stage-6 embryo showing 
germband (zone 3) and yolk sac (zone 4) expression (l). ns, onset of Vas 
expression throughout the nervous system, brain and central nervous system 
in embryos from stage 9 onwards. m–u, osk mRNA in blue in stage-1 freshly laid 
egg (m, n), cellular blastoderm stage-3 and -4 embryo (o–r), gastrulation 

stage-7 embryo (s), and germband extension stage-8 and -9 embryo (t, u).  
n, o, Dorsal view, showing localization of small germplasm foci within the 
centre of bacteriocytes (zone 1b). q–u, Formation of the novel germline (zone 
2). u, Embryo, showing loss of zone 1a and zone 1b. v, v′, v′′, Small foci budding 
off the ancestral germplasm (zone 1). w, x, Higher-magnification confocal 
images of embryos, showing osk mRNA in magenta and DAPI in white.  
w, Stage-8 embryo, showing osk mRNA in magenta in the centre of 
bacteriocytes (zone 1b) surrounded by bacteria. x, Stage-8 embryo, showing 
expression of osk mRNA in the novel germline (zone 2). Zones are indicated 
with arrowheads. Anterior is to the left, dorsal is to the top. In situ hybridization 
and immunohistochemistry experiments were repeated at least 8 times 
independently on n ≥ 30 embryos per developmental stage.



Article

Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | abdA and Ubx are upstream of the germline genes.  
a, b, Mature oocytes stained for abdA mRNA (a) or Ubx mRNA (b) in blue.  
c–e, Colocalization (yellow and orange) of Ubx and AbdA (UbdA) protein in red, 
Vas protein in green and DAPI in blue in freshly laid stage-1 eggs (c), and stage-6 
(d) and stage-12 (e) wild-type embryos. f–p, Expression of the germline genes in 
YFP RNAi (n = 81) (f–h) and high-concentration abdA RNAi embryos (n = 61 out 
69) with DAPI in blue ( j–p), stained for Tud in white (f, i, l), Aub in green (g, j, m) 
or Vas in yellow (h, k, n, p), and DIC of stage-6 embryo with severe phenotype 
(o). i–k, abdA RNAi embryos that are split along the midline (n = 21 out 61).  
l–p, Severe abdA RNAi phenotypes with an undifferentiated stub (n = 34 out of 
61) (l–n) or in which the embryo is not detectable (o, p) (n = 6 out 61). Dotted 
outlines show changes in germband morphology and zone-3 expression after 
abdA RNAi. Zones are indicated with arrowheads. Asterisks indicate loss of 
germline gene expression within a specific zone. bc, bacteriocytes; cap, giant 
capsule; ys, yolk sac. Anterior is to the left, dorsal is to the top. q, r, Tissue-
specific qPCR of nine germline genes (x axis; ago3, cad, gcl, nos, osk, stau, tud, 
vasa and wun2) from zone 1 (bacteriocytes), zone 2 (germline capsules), and 
zone 3 + zone 4 (embryonic germband + yolk sac) following YFP RNAi, low-

concentration abdA RNAi and Ubx RNAi. Open bars represent mean relative 
quantification (RQ) values (y axis) and error bars represent standard error of 
the mean of: abdA RNAi (q) or Ubx RNAi (r). Black bars represent mean relative 
quantification values ( y axis) and error bars represent standard error of the 
mean of YFP RNAi controls. Each individual data point (red squares) represents 
relative quantification value of a technical replicate from abdA or Ubx RNAi 
treatment relative to the average of all replicates of YFP RNAi control 
treatments (black diamonds) in that tissue. Two-tailed two-way ANOVA with 
replication for abdA RNAi versus YFP RNAi in zone 1 (F = 129.311, degrees of 
freedom (d.f.) = 1, n = 54, P = 5.95504 × 10−16 for abdA RNAi); zone 2 (F = 20.733, 
d.f. = 1, n = 54, P = 3.04542 × 10−5 for abdA RNAi); zone 3 + zone 4 (F = 38.932, 
d.f. = 1, n = 54, P = 7.02605 × 10−8 for abdA RNAi). Two-tailed two-way ANOVA with 
replication for Ubx RNAi versus YFP RNAi in zone 1 (F = 66.278, d.f. = 1, n = 54, 
P = 5.84252 × 10−11 for Ubx RNAi); zone 2 (F = 12.628, d.f. = 1, n = 54, 
P = 0.000798519 for Ubx RNAi); zone 3 + zone 4 (F = 40.841, d.f. = 1, n = 54, 
P = 4.00577 × 10−8 for Ubx RNAi). Raw data are in Source Data. In situ 
hybridization and immunohistochemistry experiments (a–e) were repeated at 
least 8 times independently on n ≥ 30 embryos per developmental stage.



Article

Extended Data Fig. 5 | Antibiotic treatment does not show unspecific 
effects. a–c, Stage-6 cellular blastoderm C. floridanus embryos with DAPI in 
white from wild-type colonies (n ≥ 30 embryos) (a), colonies treated with 
ampicillin (n ≥ 15 embryos) (b) or colonies treated with rifampicin (n ≥ 15 
embryos) (c). d–o, C. floridanus embryos stained for nos mRNA (d–f, j–o) and 
osk mRNA (g–i) in blue collected from wild-type colonies (n ≥ 30 embryos each) 
(d, g, j, m), colonies treated with ampicillin (n ≥ 15 embryos each) (e, h, k, n) or 
colonies treated with rifampicin (n ≥ 15 embryos each) (f, i, l, o). p, q, Stage-12 
mild-phenotype embryos collected from rifampicin-treated C.-floridanus 
colonies, showing expression of the segment polarity gene en in blue (n ≥ 15 
embryos) (p) or abdA mRNA in blue (n ≥ 15 embryos) (q). r, s, Lasius niger 
embryos collected from rifampicin-treated colonies showing nos mRNA in blue 

in stage-6 embryos with normal primordial germ cells (pgc) (n ≥ 5 embryos) (r) 
and stage-12 embryos with normal germ cells (gc) (n ≥ 5 embryos) (s). Segments 
marked are as following: maxillary (mx), thoracic segments 1–3 (t1–t3) and 
abdominal segments 1–10 (a1–a10). White arrowheads indicate presence of 
Blochmannia (bl). White and black asterisks in embryos from rifampicin- 
treated colonies indicate loss of Blochmannia or loss of germline gene expression.  
d–i, Black arrowheads indicate zones. j–l, Black arrowheads indicate germline 
capsule(s) (cp). m–o, Black arrows indicate normal bacteriocyte (bc) and 
gonads (gc), development. Anterior is to the left, dorsal is to the top (a–f, p-r); 
dorsal is towards the reader in g–i, m–o, s; and ventral is towards the reader  
in j–l. In situ hybridization experiments were repeated at least 8 times  
(C. floridanus) or 4 times (L. niger) independently.



Extended Data Fig. 6 | Blochmannia maintains and selectively regulates 
mRNAs and proteins of maternal Hox and germline genes. a–r, Embryos 
from rifampicin-treated colonies stained for Ubx mRNA in blue (a–c), Tud 
protein in white (d–f), Aub protein in green (g–i), osk mRNA in blue ( j–l), nos 
mRNA in blue (m–o) or stau mRNA in blue (p–r). a, d, g, j, m, p, Freshly laid 
stage-1 eggs showing no effect on the number of zones relative to wild type, 
except for in d Tud in white showing loss of zone 1 relative to wild type.  
b, e, h, k, n, q, Stage-6 mild-phenotype embryos with no observable 

morphological defects: asterisks indicate loss of specific mRNAs and proteins 
of Ubx and germline gene expression. c, f, i, l, o, r, Stage-6 severe-phenotype 
embryos showing morphological defects and loss or misexpression of 
germline and Hox genes. d–i, Fluorescent images with DAPI in blue. Zones of 
germline and Hox gene expression are indicated with arrowheads. Question 
marks indicate presumptive zones. Anterior is to the left, dorsal is to the top. 
In situ hybridization and immunohistochemistry experiments were repeated 
at least 4 times independently on n ≥ 15 embryos per developmental stage.
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Extended Data Fig. 7 | See next page for caption.



Extended Data Fig. 7 | Character states of germline localization zones, 
location of embryo, obligate endosymbiont and germline capsule.  
a–z, za, zb, zc, zd, ze, Cellular blastoderm stage embryos from Formicinae  
(a–z) and two sister subfamilies (za, zb, zc, zd) Myrmicinae and Dolichoderinae  
(ze), stained for Vas protein in yellow with DAPI in blue. a–n, Camponotini tribe. 
a, Camponotus floridanus. b, Camponotus castaneous. c, Camponotus 
novaeboracensis. d, Camponotus pennsylvanicus. e, Camponotus americanus. 
f, Camponotus ocreatus. g, Camponotus sansabeanus. h, Camponotus 
festinatus. i, Polyrhachis illaudata. j, Polyrhachis schlueteri. k, Polyrhachis 
dives. l, Polyrhachis rastallata. m, Colobopsis leonardi. n, Colobopsis impressus. 
o, Gigantiopini tribe: Gigantiops destructor. p, Pleigiolepidini tribe: Anoplolepis 
gracilipes. q, Oecophyllini tribe: Oecophylla smaragdina. r, s, Formicini tribe.  
r, Formica subsericea. s, Formica occulta. t–y, Lasiini tribe. t, Paratrechina 
longicornis. u, Nylanderia vividula. v, Nylanderia fulva. w, Lasius niger. x, Lasius 

emarginatus. y, Prenolepis imparis. z, Myrmelachistini tribe: Brachymyrmex 
patagonicus. za, zb, zc, zd, Myrmicinae. za, Aphaenogaster rudis. zb, Myrmica 
americana. zc, Veromessor pergandei. zd, Monomorium sp. ze, Dolichoderinae: 
Dolichoderus thoracicus. zf, zg, Freshly laid stage-1 eggs stained for Vas protein 
in yellow with DAPI in blue of F. occulta (zf) and A. gracilipes (zg). zf′, zg′, 
Endosymbiont at the posterior pole of F. occulta (zf′) and A. gracilipes (zg′).  
zi, zj, zk, zl, Cellular blastoderm stage embryos showing osk mRNA in blue, for 
L. niger (zi), F. occulta (zj), G. destructor (zk) and C. floridanus (zl). Zones of 
germline gene expression are indicated with white or black arrowheads. 
Magenta arrowheads indicate the location of the embryo within the egg. 
Experiments on all species were repeated 4 times independently on n ≥ 5 
embryos, except for C. floridanus, which was repeated 8 times independently 
with n = 30. Anterior is to the left, dorsal is to the top.
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Extended Data Fig. 8 | See next page for caption.



Extended Data Fig. 8 | Character states of maternal Hox localization zones. 
a–j, l–x, Freshly laid stage-1 eggs from the Formicinae (a–u) and two sister 
subfamilies Myrmicinae (v, w) and Dolichoderinae (x) stained for UbdA (Ubx + 
abdA protein) in white or blue and (in k) abdA mRNA in blue. a–k, Camponotini 
tribe. a, Camponotus floridanus. b, Camponotus novaeboracensis. c, 
Camponotus castaneous. d, Camponotus pennsylvanicus. e, Camponotus 
festinatus. f, Camponotus sansabeanus. g, Camponotus ocreatus. h, Polyrhachis 
rastallata. i, Polyrhachis dives. j, Colobopsis leonardi. k, Colobopsis impressus.  
l, m, Gigantiopini tribe: Gigantiops destructor. In m, UbdA protein in red  
co-stained with Vas protein in green and DAPI in blue to distinguish germ cells 
from zone 3. n, Pleigiolepidini tribe: Anoplolepis gracilipes. o, p, Formicini tribe. 

o, Formica occulta. p, Formica subsericea. q–t, Lasiini tribe. q, Lasius niger.  
r, Lasius emargiatus. s, Nylanderia vividula. t, Paratrechina longicornis.  
u, Myrmelachistini tribe: Brachymyrmex patagonicus. v, w, Myrmicinae 
subfamily. v, Aphaenogaster rudis. w, Monomorium sp. x, Dolichoderinae 
subfamily: Dolichoderus thoracicus. Zones of maternal Hox localization are 
indicated with arrowheads: zone 1 (ancestral germline), zone 2 (novel 
germline), zone 3 (embryo) and zone 4 (anterior). Anterior is to the left, dorsal is 
to the top. Experiments on all species were repeated 4 times independently on 
n ≥ 5 embryos, except for C. floridanus, for which experiments were repeated 8 
times independently with n = 30 embryos.
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Extended Data Table 1 | Combinatorial and dynamic localization or expression of germline and Hox genes across zones in 
stage-1 eggs and stage-6 embryos

‘+’ indicates presence and ‘−’ indicates absence. Grey shading indicates a change in localization or expression between embryos from wild-type and rifampicin-treated colonies.



Extended Data Table 2 | Posterior probabilities under the unequal- and equal-rates model for the five developmental 
characters

The unequal-rates model is highlighted in grey shading. Figure 4a shows where the nodes are located on the phylogeny.
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