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中文摘要：
本計畫目的是以能改善以往所使用人工飼糧的食譜配方，以提高配方中使用穿

山甲主要食物白蟻與螞蟻的比例，以健全動物園內穿山甲圈養與收容技術、並

提升穿山甲救援時的成功率。目前台灣有發現接近 300 種螞蟻與 17 種白蟻種

類繁多，因此本年度計畫目標所提規畫的蟻類(螞蟻與白蟻)，將以往昔研究中

發現台灣穿山甲可能偏好且營養較高，族群數量較大，較適合採集與室內蟻巢

建立的蟻類為主，目前已建三種螞蟻與一種白蟻之蟻類食餌供應系統之建立。

目前已於本研究以三種台灣穿山甲偏好、族群數量較大，且多蟻后族群與孤雌

生殖的兩種台灣淺山地區常見螞蟻黑棘蟻（Polyrhachis dives）、堅硬雙針家蟻 
(Pristomyrmex punctatus) 及長腳捷蟻 (Anoplolepis gracilipes)，於本研究室之養

蟲室中建立室內穩定的室內養殖族群，已調配完成適合此三種螞蟻室內養殖族

群之人工飼料配方 (SOP)，並進行黑棘蟻與長腳捷蟻幼蟲、蛹及工蟻之進行營

養成分分析，工蟻都有較高的粗蛋白量。而在胺基酸成分分析上，而在胺基酸

成分分析上，發現長腳捷蟻工蟻的胺基酸量是最高。台灣的穿山甲具有挖掘台

灣土白蟻地下蟻巢的習性，本試驗收集來自五個地點、六個蟻巢、共 4,028 公

克的菌圃，測試穿山甲是否能透過氣味搜尋菌圃，並測試穿山甲是否取食菌

圃。結果顯示穿山甲可能藉由蟻巢中白蟻及菌圃氣味偵測蟻巢位置，具有搜尋

白蟻巢之能力。除此之外，穿山甲不僅取食白蟻、也可能取食菌圃。

Abstract： 
This project expects to create a more suitable environment and improve the 
probability of successful rescue for pangolin. To achieve this purpose, the 
anthropogenic fodder has been improved by increasing the proportion of ants and 
termites. There are 300 different species of ants and 17 species of termites in 
Taiwan. Previous studies had pointed out that pangolin prefer to the species which 
are high nutrition, large population, easy collect and with their nest are most indoor. 
Hence, two ant species and one termite species feeding bait had already established 
in present. The two ant species are Polyrhachis dives, Pristomyrmex punctatus and 
Anoplolepis gracilipes. Polyrhachis dives and Anoplolepis gracilipes are polygeny 
and with large population in the field, and Pristomyrmex punctatus is 
parthenogenesis and also contain a large population. To maintain these two species 
in laboratory stably, anthropogenic fodder prescriptions for these two species had 
accomplished (SOP). Then, the nutrition proportion of adult, larva and pupa of 
Polyrhachis dives and Anoplolepis gracilipes were analyzed. Our results indicated 
the worker of Anoplolepis gracilipes have higher proportion of amino acid than 
other species. Pangolins of Taiwan excavate the subterranean nests of the 
fungus-growing termite Odontotermes formosanus (Shiraki). We have collected 
4,028g of fungus gardens of six nests from five localities. Pangolins may search the 
termite nests by detecting the odors of termites and fungus gardens. The purposes of 
this study were to collect fungus gardens, and to test whether pangolins detect the 
odors and feed on the fungus gardens. In addition, pangolins may feed on not only 
the termites, but also the fungus gardens. 



關鍵詞 Keywords： 
穿山甲(pangolins)、螞蟻 (ants)、白蟻 (termite)、菌圃 (fungus comb)、營養成養成
(nutrient content) 
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Worker reproduction of the invasive yellow
crazy ant Anoplolepis gracilipes
Ching-Chen Lee1,2, Hirotaka Nakao3, Shu-Ping Tseng4,5, Hung-Wei Hsu4, Gwo-Li Lin4, Jia-Wei Tay6, Johan Billen7,
Fuminori Ito3, Chow-Yang Lee8†, Chung-Chi Lin1† and Chin-Cheng (Scotty) Yang5*†


Abstract


Background: Reproductive division of labor is one of the key features of social insects. Queens are adapted for
reproduction while workers are adapted for foraging and colony maintenance. In many species, however, workers
retain functional ovaries and can lay unfertilized male eggs or trophic eggs. Here we report for the first time on the
occurrence of physogastric workers and apparent worker reproduction in the invasive yellow crazy ant Anoplolepis
gracilipes (Fr. Smith). We further examined the reproductive potential and nutritional role of physogastric workers
through multidisciplinary approaches including morphological characterization, laboratory manipulation, genetic
analysis and behavioral observation.


Results: Egg production with two types of eggs, namely reproductive and trophic eggs, by physogastric workers
was found. The reproductive egg was confirmed to be haploid and male-destined, suggesting that the workers
produced males via arrhenotokous parthenogenesis as no spermatheca was discovered. Detailed observations
suggested that larvae were mainly fed with trophic eggs. Along with consumption of trophic eggs by queens and
other castes as part of their diet, the vital role of physogastric workers as “trophic specialist” is confirmed.


Conclusion: We propose that adaptive advantages derived from worker reproduction for A. gracilipes may include
1) trophic eggs provisioned by physogastric workers likely assist colonies of A. gracilipes in overcoming unfavorable
conditions such as paucity of food during critical founding stage; 2) worker-produced males are fertile and thus
might offer an inclusive fitness advantage for the doomed orphaned colony.


Keywords: Anoplolepis gracilipes, arrhenotokous parthenogenesis, physogastric workers, trophic eggs


Background
One of the hallmarks of higher social Hymenopterans (so-
cial bees, wasps, and ants) is the reproduction division of
labor among nest members [1]. Queens are the reproduct-
ive caste that is morphologically adapted for dispersal and
reproduction while workers are the non-reproductive caste
specialized in foraging, nest maintenance and brood tend-
ing. A haplodiploid sex determination system is common
to all hymenopterans, in which males arise parthenogenet-
ically from unfertilized eggs (arrhenotoky) and are haploid,
whereas females arise from fertilized eggs and are diploid
[2, 3]. Such unique system results in an asymmetrical gen-
etic relatedness among the colony members where workers


are more genetically related to the queen’s daughters (their
sisters) (r = 0.75) compared to their own daughters and
sons (r = 0.50) in a monogynous colony headed by a singly
mated queen [4]. According to Hamilton’s kin-selection
theory, this unusual asymmetry in relatedness appears to
favor evolution of a sterile worker caste as workers gain in-
direct fitness (i.e., propagation of their own genes) by be-
having altruistically and assisting in raising the queen’s
instead of their own offspring.
Reproductive constraints impair the worker reproduction


either through behavioral mechanisms (e.g., worker po-
licing) or by suppressing the development of the reproduct-
ive organs in workers [5]. However, the workers in most
ant species retain functional ovaries, and are capable of pro-
ducing viable male eggs and/or non-viable trophic eggs [6].
Bourke [7] reported that workers produce males in ap-
proximately 50 species from 24 genera. Trophic eggs are
nutritional packets, and act as an important mechanism
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for transferring nutrients or protein to the colony mem-
bers, especially queens and larvae (reviewed in Wheeler
[8]). Nevertheless, workers that have completely lost their
reproductive organs only occur in a few genera (9 out of
283). These are Solenopsis, Monomorium, Tetramorium,
Hypoponera, Anochetus, Leptogenys, Pheidole and Care-
bara [1, 9, 10]. It is interesting to note that in primitive
ant species (e.g., Ponerinae), workers possess a sperma-
theca, and are capable of mating and produce fertilized
eggs (i.e., gamergates) [11].
The yellow crazy ant Anoplolepis gracilipes has been


listed as one of the world’s top 100 invasive species due
to their severe impacts on biological diversity and eco-
system sustainability [12]. This species is polygynous
and forms supercolonies with individuals in physically
separated colonies exhibiting limited aggression behavior
towards each other [13]. A. gracilipes decimated over
one-third of the entire population of endemic red crabs
(Gecarcoidea natalis) in Christmas Island [14]. The dis-
placement of native “keystone” species by this invasive
ant indirectly impedes the litter breakdown process and
causes the growth of sooty molds in canopy trees, which
ultimately alters the island rainforest ecosystem. The nu-
merical dominance of A. gracilipes negatively impacts
the diversity and abundance of native invertebrate com-
munities in introduced areas [15]. In addition, this spe-
cies also attacks and kills populations of smaller
vertebrates such as birds or new-born domestic animals,
e.g. on the Seychelles [16–18].
So far, most of the well-studied invasive ants are known


to possess a sterile worker caste [7], except for one previ-
ous study in which the presence of underdeveloped ovar-
ies (i.e., absence of mature oocytes) was reported in a
minority of A. gracilipes workers inspected [19]. While
this study found little support for worker reproduction of
A. gracilipes, our preliminary observation, in contrast, sug-
gested that egg production often occurred in queenless A.
gracilipes laboratory colonies, and that artificially-
orphaned colonies are invariably found with the presence
of “corpulent” workers, whose gaster sizes were conspicu-
ously greater than those of “normal” foraging workers and
appeared brown-whitish in color (hereafter referred to as
“physogastric workers”). Such morphological difference
leads to a possible link between the egg production and
presence of physogastric workers, and merits further in-
vestigation. In this study, we therefore conducted a series
of experiments addressing the following questions: 1) are
physogastric workers present in queenright field colonies?
2) what is the anatomy of the reproductive organs of phy-
sogastric workers? 3) can A. gracilipes workers produce vi-
able and/or trophic eggs under queenless condition? 4) if
viable eggs are produced, what is the sex and ploidy level
of such worker-produced offspring? In addition to under-
stand the fundamental aspects of worker reproduction by


A. gracilipes, the origin, trophic function and evolution of
worker reproduction in this invasive ant species also are
discussed.


Results
Occurrence of physogastric workers and ovarian
morphology of workers
In all three field-collected colonies, 7.23–11.74% of the
workers were physogastric. Gaster widths of normal
workers (GW: 1.09 ± 0.03 mm, Fig. 1a) were significantly
smaller than those of physogastric workers (GW:
1.53 ± 0.02 mm, Fig. 1b; Z = −5.475, P < 0.01; Table 1).
The clearly distinct external morphology of the queen is
also illustrated in Fig. 1c.
We found normal workers possess ovaries, most of


which, however, are underdeveloped and lacking of yolky
oocytes (92%) (Fig. 1d). Physogastric workers tend to pos-
sess more well-developed ovaries (Fig. 1e) as the number
of ovarioles/individual is higher than in normal workers
(2.51 ± 0.09 vs. 1.62 ± 0.12; Z = −5.652, P < 0.01; Table 1),
the number of yolky oocytes per ovariole (4.46 ± 0.10 vs.
1.73 ± 0.12; Z = −10.416, P < 0.01) and the total number
of yolky oocytes were significantly higher in physogastric
workers than in normal workers (11.21 ± 0.48 vs.
2.81 ± 0.31; Z = −8.290, P < 0.01). Note that numbers pre-
sented here were based on those ovarioles with at least a
visible oocyte only. While no spermatheca was found in
both types of the workers, yellow bodies that are charac-
teristic of reproduction were visible in some physogastric
workers (13%) (Fig. 1e). On average, queens of A. graci-
lipes had 44–52 ovarioles/individual and had a higher
number of yolky oocytes (94.50 ± 6.63) than both types of
workers. Yellow bodies were present in the ovaries of
queens, along with a conspicuous spermatheca (Fig. 1f).


External and internal morphology of workers
Scanning electron microscopy revealed a noticeable dif-
ference in abdominal morphology between normal and
physogastric workers (Fig. 2a and b). The abdomen of
physogastric workers was greatly distended with exposed
intersegmental membranes. Histological sections indi-
cated that the fat body in the abdomen is far more abun-
dant in physogastric than in normal workers (Fig. 2c and
d). The absence of a spermatheca in physogastric
workers was further confirmed by longitudinal histo-
logical sections (Fig. 2e), suggesting that sexual
reproduction by workers of A. gracilipes is impossible.


Production of eggs by workers, sex, ploidy level and
morphology of worker-produced offspring
After 4 months, we discovered that three out of nine
artificially-orphaned colony fragments produced eggs
and larvae, these three colonies fragments were designated
as AGQLF01, AGQLF02 and AGQLF03. AGQLF01 was
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isolated from the colony in Nantou County, while both
AGQLF02 and AGQLF03 were isolated from the same
source colony in Changhua County (Additional file 1:
Figure S1). Morphological observations indicated the ex-
istence of two types of eggs produced by the workers,
characteristically elongated oval shaped eggs and sub-
spherically shaped eggs (Fig. 3). The former was con-
firmed viable with an obvious embryo, whereas the latter


was embryoless and never hatched. Coupled with the fact
that these non-viable eggs are consumed by larvae
(Additional file 2: Video S1) and other castes (see “Fate of
worker-laid trophic eggs” for more details), it is most likely
that the eggs with sub-spherical shape serve as trophic
eggs. Reproductive eggs in one (AGQLF03) of the three
egg-producing colonies successfully developed into pupae
that emerged as adult males (n = 18) 6 months after the


Fig. 1 Morphology and reproductive systems in worker and queen of A. gracilipes. Shown are the external morphology of normal worker (a),
physogastric worker (b) and queen (c). Gaster dissection presenting ovarian morphology of normal worker (d), physogastric worker (e) and queen
(f). Note difference in length of ovarioles and number of mature oocytes


Table 1 Differences in gaster size and ovary development across three castes of A. gracilipes


Female castes Ants
dissected


Gaster width (mm) Number of ovarioles/
individual


Number of yolky oocytes per
ovariole


Total number of yolky
oocytes


Normal workers n = 90 1.09 ± 0.03 [0.90–
1.30]


1.62 ± 0.12 [1–4] 1.73 ± 0.12 [1–4] 2.81 ± 0.31 [1–8]


Physogastric
workers


n = 90 1.53 ± 0.02 [1.40–
1.70]


2.51 ± 0.09 [2–5] 4.46 ± 0.10 [1–9] 11.21 ± 0.48 [6–27]


Z -5.475 −5.652 −10.416 -8.290


P * < 0.01 * < 0.01 * < 0.01 * < 0.01


Queens n = 9 2.77 ± 0.06 [2.60–
3.00]


47.33 ± 1.23 [44–52] 2.00 ± 0.04 [1–3] 94.50 ± 6.63 [69–116]


Notes: Data are presented as mean ± standard deviation [range]; *p, statistically significant using Mann-Whitney U-test; Queens were not subjected to analysis due
to its small sample size


Lee et al. Frontiers in Zoology  (2017) 14:24 Page 3 of 12







start of the experiment, confirming the viability of the elon-
gated oval shaped eggs. While larvae were present in
AGQLF01 and AGQLF02 during the first 4 months, we
failed to recover any adult male upon the end of the obser-
vation most likely due to cannibalism by nestmate (see
Discussion).
Results of microsatellite genotyping revealed that all


workers from AGQLF03 are heterozygotes across all loci
with the presence of three major representing multi-locus
genotypes (Table 2). Unlike the previously reported high
frequency of heterozygous males [19, 20], we found that all


males from AGQLF03 possess homozygous multi-locus ge-
notypes, harboring one of the maternal alleles at all loci,
which suggests that the worker-produced males are invari-
ably haploid. In contrast, virtually all males (90%) in the
queenright colony (AGQR01) are diploid (heterozygous at
least at one locus), a pattern consistent to previous studies
that diploid males are common in the introduced ranges
[19, 20].
Both head width and total body length of worker-


produced male pupae (HW: 0.81 ± 0.01 mm; TL:
4.06 ± 0.07 mm) were significantly greater than those of
queen-produced male pupae (HW: 0.70 ± 0.01 mm; TL:
3.69 ± 0.05 mm; Fig. 4a; HW: Z = −3.888, P < 0.01; TL:
Z = −3.060, P < 0.01). Similarly, the two measurements of
worker-produced males (HW: 0.80 ± 0.02 mm; TL:
4.58 ± 0.10 mm) were also greater than those of queen-
produced males, respectively (HW: 0.71 ± 0.01 mm; TL:
4.00 ± 0.05 mm; Fig. 4b; HW: Z = −2.985, P < 0.01; TL:
Z = −2.863, P < 0.01). Worker-produced males, however,
shared similar genital structures (Fig. 4c) and had similar
internal reproductive organs (Fig. 4d) as adult males in a
queenright colony. Rupturing of seminal vesicles in
worker-produced males further showed the presence of
viable sperm (i.e., sperm bundle with apparent swimming
ability, Additional file 3: Video S2).


Fate of worker-laid trophic eggs
We tracked the fate of 62 and 51 trophic eggs produced
by physogastric workers in colonies AGTE01 and
AGTE02, respectively (Table 3). Visual observations


Fig. 2 Scanning electron micrographs and histological sections of two types of workers in A. gracilipes. SEMs of abdomen of normal worker (a)
and physogastric worker (b), and longitudinal sections through posterior abdomen part of normal worker (c) and physogastric worker (d). Note
large accumulation of fat body and absence of spermatheca in physogastric worker. The location where spermatheca is supposed to be found if
it exists is highlighted with circled area in figure (e). DGd: Dufour gland duct, FB: fat body, HG: hindgut, MT: Malpighian tubules, OV: ovaries, OVD:
oviduct, VG: venom gland, VGd: venom gland duct


Fig. 3 Morphology of eggs produced by A. gracilipes workers. Light
micrograph of a worker-laid reproductive egg (a) and a worker-laid
trophic egg (b)
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Table 2 Genotypic distribution for individuals of various castes (queen, workers and males) from a queenright and queenless colony


Caste Sample size Ano1 Ano3 Ano4 Ano5 Ano6 Ano8 Ano10


AGQR01 (queenright colony)


Queen 1 118 168 171 139 133 232 306


Worker 1 112 118 152 168 173 177 121 139 133 145 210 232 262 306


Worker 2 112 118 152 178 171 177 121 135 133 145 210 232 262 306


Worker 2 112 118 152 168 171 177 121 135 133 145 210 232 262 290


Worker 3 112 118 152 168 171 177 121 135 133 145 212 234 262 308


Worker 1 112 118 152 168 171 177 121 135 133 145 212 234 262 292


Worker 3 112 118 152 178 173 177 121 135 133 145 210 232 262 306


Worker 1 112 118 152 178 173 177 121 139 133 145 210 232 262 306


Worker 1 112 118 152 178 173 177 121 135 133 145 212 234 262 308


Worker 1 112 118 152 168 173 177 121 135 133 145 212 234 262 308


Male 2 112 118 152 178 171 177 121 135 133 145 210 232 262 306


Male 1 112 118 152 168 171 177 121 135 133 145 210 232 −1 −1


Male 1 112 118 152 178 173 177 121 135 133 145 210 232 262 290


Male 1 112 118 152 168 171 177 121 135 133 145 210 232 262 306


Male 2 112 118 152 168 171 177 121 135 133 145 212 234 262 308


Male 1 112 118 152 178 173 177 121 135 133 145 212 234 262 308


Male 1 112 118 152 168 173 177 121 135 133 145 212 234 262 308


Male 1 112 118 152 178 173 173 121 135 133 145 210 232 262 306


Male 1 112 118 152 178 171 177 121 135 133 145 212 234 −1 −1


Male 1 112 118 152 178 171 177 121 135 −1 −1 212 234 262 308


Male 1 112 118 152 168 171 177 121 135 −1 −1 212 234 262 308


Male 1 112 118 152 178 177 177 121 135 133 145 210 232 262 262


Male 1 112 118 152 168 177 177 121 135 133 145 210 232 −1 −1


Male 1 112 118 152 178 177 177 121 135 133 145 212 234 262 308


Male 1 112 118 152 168 177 177 121 135 133 145 212 240 262 292


Male 1 112 118 152 168 177 177 −1 −1 145 145 210 210 −1 −1


Male 1 112 152 177 121 145 −1 262


Male 1 112 152 177 121 145 210 -1


AGQLF03 (queenless colony fragment)


Worker 4 112 118 152 168 171 177 121 139 133 145 212 212 262 290


Worker 9 112 118 152 168 171 177 121 139 133 145 210 210 262 288


Worker 1 112 118 152 168 171 177 121 139 133 145 210 210 262 290


Male 1 118 152 171 139 133 −1 290


Male 2 112 168 171 121 145 212 290


Male 1 118 152 177 139 145 −1 292


Male 1 118 168 171 121 145 −1 262


Male 1 118 168 171 139 145 210 288


Male 1 112 168 177 139 145 210 262


Male 1 112 168 177 121 145 210 290


Male 1 118 168 171 121 133 −1 262


Male 1 118 152 177 139 133 −1 288


Male 1 112 168 177 139 145 −1 288
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indicated that most of the trophic eggs (≥ 63%) were
offered to the larvae. Coupled with the fact that lar-
vae received occasional trophallaxis from workers and
never directly fed on solid prey items during the en-
tire observation period, trophic eggs appear to be the
main food source for larvae in A. gracilipes. Queens
received both liquid food via oral trophallaxis and
trophic eggs from workers, and the former seems to
be their main diet (≥ 89%; Table 4). We also discov-
ered that trophic eggs were occasionally offered to
other castes such as workers and males.


Discussion
We performed both field survey and laboratory manipu-
lation to study worker reproduction in the invasive yel-
low crazy ant, A. gracilipes. The results of our survey
confirm the existence of physogastric workers in the
field colonies, and subsequent gaster dissection reveals
that the level of ovarian development is significantly
higher in physogastric than in normal workers. Workers
in artificially orphaned colonies produced both trophic
and viable (reproductive) eggs. The viable eggs from one
of the queenless colonies successfully developed into


Table 2 Genotypic distribution for individuals of various castes (queen, workers and males) from a queenright and queenless colony
(Continued)


Male 1 112 152 171 121 145 −1 290


Male 1 118 168 177 121 133 −1 262


Male 1 112 168 171 121 133 210 262


−1, amplification failure


Fig. 4 Morphological comparison between worker-produced and queen-produced offspring in A. gracilipes. a Male pupa from orphaned colony
(left), worker pupa (middle) and male pupa from queenright colony (right); (b) external morphology of worker-produced male (left) and normal
queen-produced male (right); (c) close up of external genital structure of worker-produced male (left) and queen-produced male (right); (d) in-
ternal organs of the male reproductive system of worker-produced male (left) and queen-produced male (right)
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males that were slightly larger than those produced by
queens. All worker-produced males were haploid and
possess a normal, functional reproductive system as their
diploid counterparts do. Furthermore, our data suggest
that the production of trophic eggs plays a crucial role
in regulating colony nutrition, especially for larvae.
Below we discuss how these findings, combined with
additional evidence obtained from histological, SEM and
behavioral observation, provide new insights into the
role of physogastric workers in A. gracilipes.


Arrhenotokous parthenogenesis by physogastric workers
Our results clearly demonstrate that A. gracilipes
workers are not functionally sterile, yet able to produce
both trophic and reproductive eggs. In several ant spe-
cies, workers are known for their ability to produce
trophic eggs in queenright colonies and switch to pro-
duce reproductive eggs which develop into males once
the queens die or disappear [21–23]. For instance,
Aphaenogaster senilis workers produce unviable trophic
eggs under queenright condition and begin to lay repro-
ductive eggs that develop into males 4 months after be-
ing separated from the queens [24]. Similar to previous
studies, our work showed that approximately 6 months


after queen removal, some viable reproductive eggs suc-
cessfully developed into adult males in one of the experi-
mental A. gracilipes colony fragments. To the best of
our knowledge, this is the first study showing that
worker reproduction occurs in A. gracilipes.
While we lack direct evidence on whether worker-


produced males can copulate with queens or female
alates, their seemingly functional genitalia, intact repro-
ductive organs and presence of viable sperm lead us to
speculate that worker-produced males may have equal
reproductive capacities as queen-produced males. It is
thus plausible that in field conditions the last cohort of
worker-produced males might be able to copulate with
female alates from other colonies in the proximity, and
subsequently offer fitness advantage to the doomed or-
phaned colony.
Previous studies have suggested that thelytokous par-


thenogenesis (i.e., diploid daughter females are produced
from unfertilized eggs) may have occurred in A. graci-
lipes based on the finding of high intracolonial related-
ness among workers [20, 25, 26]. In contrast, our
microsatellite analyses suggested that worker-produced
reproductive eggs are invariably haploid, instead of dip-
loid as expected when thelytokous parthenogenesis


Table 3 The fate of worker-laid trophic eggs expressed by which caste/stage was a given trophic egg offered to after being laid


Colony code


AGTE01 AGTE02


Number of queens 1 2


Number of workers ≈ 900 ≈ 250


Total hours of observation 10.5 10


Total number of trophic eggs that had been followed 62 51


Number of trophic eggs given to


dealate queens 3 (5%) 4 (8%)


males - 8 (15%)


workers 3 (5%) 1 (2%)


larvae 56 (90%) 25 (49%)


queen larvae - 7 (14%)


Number of trophic eggs not given to any of particular caste mentioned above - 6 (12%)


Notes: Values in parentheses refer to proportion of trophic eggs given to respective individuals or castes relative to the total number of trophic eggs that we
tracked; Neither males nor queen larvae were found in colony AGTE01 during the observation


Table 4 Dietary composition (trophallaxis vs. consumption of trophic egg) of queens of A. gracilipes


Colony code & individual queen


AGTE01 Q1 AGTE02 Q1 AGTE02 Q2


Total hours of observation 10.5 10.5 10.5


Feeding on


liquid food via oral trophallaxis from workers 324 times (89%) 74 times (97%) 60 times (92%)


trophic eggs 40 times (11%) 2 times (3%) 5 times (8%)


Notes: Values in parentheses refer to frequency of consumption relative to the total number of feedings by queens; one whole trophic egg was consumed
per feeding
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operates. We also showed that virtually all males in the
queenright colony are diploid, which is consistent with
previous studies in which a high prevalence of diploid
males in A. gracilipes colonies was discovered [19, 20].
The high proportion of diploid males in the field col-
onies collected from this study and elsewhere may imply
that in field conditions the haploid males are either
rarely produced by workers when colonies remain
queenright or are mostly consumed by nestmates as
food resources. In general, mechanisms (e.g., queen re-
pression, worker self-restraint and/or worker policing
[27–30]) contributing to low or absence of worker
reproduction in a queenright colony are predictable with
sex ratio optimization, relatedness asymmetry and/or kin
structure [31]. For example, Chapuisat et al. [32] found
that male larvae of Formica exsecta are preferentially
cannibalized by nestmate workers at their late develop-
mental stage not only to regulate the sex ratio of colony
but also to feed the females as additional food. We, how-
ever, note that the presence of an unusual reproduction
mode (e.g., asexual production of the queen) and a high
frequency of diploid males of A. gracilipes [19, 20] may
not satisfy the prerequisites of such prediction (e.g., clas-
sic haplodiploidy), thus leading the interpretation of a fa-
vorable scenario extremely difficult. Yellow bodies were
found in some of the physogastric workers from queen-
right colonies in this study, however, it remains ques-
tionable whether yellow bodies can be an appropriate
indicator for oviposition of viable eggs as they are also
visible in trophic egg layers for some species [33–35].
Furthermore, the body size of haploid males produced


by workers is, on average, greater than that of the dip-
loid counterparts produced by queens, and such finding
is opposite to what has been reported for other ant spe-
cies (e.g., Atta sexdens, Lasius sakagamii, Solenopsis
invicta) whose diploid males tend to be bigger than hap-
loid ones due to diploidization and feminization [36–
38]. Such inconsistency, however, might be explained by
factors other than ploidy. Larger size and functional
aspermy seem to be common feminized characteristics
in diploid males of numerous hymenopterans [39]. The
reproductive tracts in all diploid males of A. gracilipes
we dissected, however, are fully functional with the pres-
ence of viable sperm, suggesting a negligible effect of
ploidy level. We therefore regard the excess of food sup-
ply (to ensure worker survival since orphaned [40]) to
the orphaned colony fragments or other factors such as
social environment as an alternative contributing factor
for the larger size of haploid males.


Physogastric workers as trophic specialist
Our observations have suggested that trophic eggs consti-
tute a major dietary regime for larvae and approximately
11% of dietary regime in queens, suggesting physogastric


workers that account for production of trophic eggs func-
tion as a trophic specialist in A. gracilipes colonies. At
least three additional lines of evidence support such a nu-
tritional role of the physogastric workers. First, while con-
sumption of trophic eggs as main diet has been widely
reported in ant species lacking the ability to share re-
sources via trophallaxis [41], trophic eggs may hold as
equal nutritional value in other trophallaxis-performing
ant species [40, 42]. One plausible reason among is that
trophic eggs serve as an essential food source for a specific
caste and/or developmental stage in the colony [8, 43].
Our data are in perfect agreement with such prediction as
larvae of A. gracilipes appear to mainly consume trophic
eggs during our entire observation period. Moreover,
trophic eggs also are occasionally fed to queens, males
and nestmate workers of A. gracilipes despite the presence
of trophallaxis, further confirming that trophic eggs may
serve as additional nutritional sources under some cir-
cumstances. Secondly, physogastric workers were found
to occur together with younger brood and queens in the
royal chamber (Additional file 2: Video S1, Additional file
4: Figure S2), and never engaged in foraging or other tasks
outside the royal chamber. One may expect that trophic
eggs, once produced, could be fed to the queen and larvae
right away as they all stay within close proximity. This in-
terpretation is further supported by our video showing
that a trophic egg was fed to the adjacent brood pile im-
mediately after it was laid by a physogastric worker (Add-
itional file 2: Video S1).
The third line of evidence linked to the trophic func-


tion of physogastric workers is that the proportion of
physogastric workers in the colony appears to be higher
during fall and winter based on a preliminary field ob-
servation (CCLee et al., unpublished data). A. gracilipes
is well-known for its broad diet as they prey on a variety
of invertebrates as protein-rich food source (e.g., insects,
small isopods and arachnids [16]). However, prey items
of such kind cannot be stored easily as they are perish-
able, and its availability also fluctuates on a seasonal
basis [43]. The high proportion of physogastric workers
in the colony likely results in an increasing production
of trophic eggs and thus represents an innate response
of the colony to the declining availability of arthropod
prey during such seasons [44]. We therefore suggest that
the production of trophic eggs can be further regarded
as an adaptive strategy for A. gracilipes, allowing col-
onies to sustain during unfavorable climatic conditions
or periods of food shortage (e.g., winter) as trophic eggs
can be stored for a longer period [45] and easily re-
distributed within the colony when needed.


Evolution of worker production in A. gracilipes
The presence of males in only one out of nine well-fed
artificially-orphaned fragments suggests that male
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production by A. gracilipes workers after dequeening
under field conditions appear to be uncommon. Such pat-
tern might be explained by three mutually non-exclusive
mechanisms: 1) If worker-laid trophic eggs are essential in
terms of nutrient provision in the colony of A. gracilipes,
selection may favor increased reproductive potential of
worker castes (i.e., physogastric workers). Thus, the occa-
sional emergence of worker-produced males could simply
represent a by-product of the reproductive workers pos-
sessing highly-developed ovaries [40, 41]. 2) Theoretically,
each focal reproductive worker is expected to be more
closely related to her own son than to the average worker-
produced sons (nephews) [4]. Under this condition, kin
selection theory predicts that potential conflict will arise
among physogastric workers over male parentage as all
physogastric workers are able to lay male eggs and will se-
lectively remove work-laid brood (i.e., worker policing) to
which they are less related [30, 46]. Nevertheless, extraor-
dinarily high intracolony relatedness despite polygyny na-
ture of A. gracilipes and unusual reproductive system [19,
20] indicate that worker-policing or competition for male
parentage, if any, in this species possibly could not be ex-
plained by relatedness alone. 3) Aside from the relatedness
hypothesis, low frequency of male production by workers
in A. gracilipes may be attributed to selection for higher
worker efficiency and colony-level productivity. An in-
creasing number of studies have proposed that the cost of
worker reproduction appears to underlie the regulation of
worker policing and self-restraint in social insects [47, 48].
For instance, workers showed aggression behavior toward
reproductive workers in the asexually reproducing ant,
Platythyrea punctata where genetic conflicts are not ex-
pected as colony members are identical to each other due
to clonality [49]. This is because reproductive workers in-
vest less in non-reproductive tasks and hence may reduce
the entire colony efficiency by disrupting the foraging ac-
tivity or reducing life span in workers [27, 50, 51]. Simi-
larly, it is highly possible that the male brood derived from
workers in A. gracilipes is prevented from development by
worker policing for optimizing priority task of physogas-
tric workers, that is, the provisioning of nestmates with
trophic eggs or other nursery-related tasks. Our data par-
tially support this interpretation that male brood were
found in all three viable egg producing colony fragments,
but only one of which was observed with the presence of
adult males.


Conclusion
Our study demonstrates for the first time that A. graci-
lipes workers possess functional ovaries and are able to
produce both reproductive and trophic eggs. The former
can be further developed into haploid males that may
have equal reproductive fitness as their diploid counter-
parts, whereas the latter may have served as a critical


regulator for protein-rich food (especially for larvae),
thus allowing the colonies of A. gracilipes to survive
through periods of food shortage. Furthermore, the
current study offers an excellent chance to study if pro-
duction of trophic eggs functions as an adaptive strategy
for A. gracilipes when encountering food shortage, and
how such behavior contributes to the success and eco-
logical dominance of this ant as invasive species. We are
currently generating the necessary baseline data to eluci-
date the ecological role of physogastric workers, factors
that trigger ovary development of workers, the repro-
ductive value of worker-produced males and how the
combination of these mechanisms contributes to the in-
vasiveness of this ant species.


Methods
Existence of physogastric workers under natural
conditions and reproductive organs of A. gracilipes
workers
Between December 2015 and February 2016, three queen-
right colonies of A. gracilipes were collected from Nantou
(AGQR01), Changhua (AGQR02) and Miaoli (AGQR03)
counties, Taiwan (Additional file 1: Figure S1), and brought
to the lab for further inspection and experimental manipu-
lations. Firstly, the presence of physogastric workers was
visually inspected, and the percentage of physogastric
workers in each colony was assessed. We define physogas-
tric workers as workers whose gaster size is distinctly
greater than that of normal foraging workers, and that ap-
pear brown-whitish in color. Thirty physogastric and thirty
normal workers were randomly selected from each colony
and dissected shortly after collection in the field (between 1
and 2 weeks). Prior to dissection, we measured gaster width
(GW), maximum transverse distance across the gaster in
dorsal view. Workers were anaesthetized with carbon diox-
ide followed by pulling of the last gastral tergite by forceps
in PBS solution. Fat and tissue were removed to ease subse-
quent observation. To determine the ovarian development
of workers (both physogastric and normal ones), the num-
ber of ovarioles/individual, number of mature or yolky oo-
cytes per ovariole, and total number of yolky oocytes were
counted for each worker inspected. As immature ovarioles
are threadlike and difficult to visualize during dissection,
we only focused on those ovarioles with at least one visible
oocyte. The presence of yellow bodies and a spermatheca
was also visually inspected in both types of workers. In
addition, three queens per colony (a total of nine) were dis-
sected to characterize the anatomical differences between
queen and worker.


SEM analysis and histology
Physogastric and normal workers for scanning microscopy
were critical point dried in a Balzers CPD 030 instrument,
mounted on SEM-stubs, coated with gold, and examined in
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a JEOL JSM-6360 scanning microscope. To further confirm
the presence of a spermatheca in both worker types, five
physogastric and five normal workers were randomly se-
lected from each colony (30 in total) mentioned above for
histological sections. The posterior part of the gaster was
cut off using microscissors and was fixed in cold 2% glutar-
aldehyde in a 50 mM Na-cacodylate buffer at pH 7.3 with
150 mM saccharose. After postfixation in 2% osmium tet-
roxide in the same buffer and dehydration in a graded acet-
one series, tissues were embedded in Araldite. Serial
longitudinal sections with a thickness of 2 μm were made
with a Leica EM UC6 ultramicrotome, stained with methy-
lene blue and thionin and viewed in an Olympus BX-51
microscope. Voucher specimens were deposited in the Re-
search Institute for Sustainable Humanosphere, Kyoto Uni-
versity, and are available upon request.


Production of eggs in artificially-orphaned colonies
A total of three colony fragments constituted of 100
randomly-selected normal workers were separated from
each of the three original nests (n = 9). Caution was
taken to avoid transfer of eggs and brood from the ori-
ginal colonies to ensure the presence of eggs in the col-
ony fragment after isolation is the result of worker
reproduction. Each colony fragment was cultured in a
polyethylene container (39 × 31 × 10 cm) with its edges
and inner surfaces coated with a thin layer of fluon to
prevent escape of ants. Sugar water (10%), crickets, and
honeybee larvae were provided ad libitum. The experi-
mental colony fragments were maintained under con-
stant environmental conditions of 26 ± 1 °C, 60 ± 5%
relative humidity and a 12-h photoperiod. The egg and
brood production were monitored (4 months) on a
weekly basis, starting 4 weeks after colony fragmenta-
tion. If eggs were found, the morphology of the egg and
eventual presence of an embryo were examined under a
microscope. Some of the eggs were left uncollected and
allowed to develop into pupa and adult stage if possible.


Sex, ploidy level and morphology of worker-produced
offspring
If any worker-produced offspring was found at the end
of the experimental period, both worker-produced off-
spring and several nestmate workers (randomly selected
from the same colony fragment) were subjected to
microsatellite genotyping. We genotyped a total of 14
worker-produced males and nestmate workers each from
a queenless colony fragment (AGQLF03). To compare
the genotypic distribution of individuals between queen-
right and queenless colony fragments, individuals of dif-
ferent castes including queen, workers and males from a
queenright colony (AGQR01) were also genotyped. We
genotyped a total of 15 workers and 20 males each from
the queenright colony. Genomic DNA was extracted


from tissue of each individual ant using the Gentra Pure-
gene cell and tissue kit (Qiagen, USA) according to the
manufacturer’s instructions. Individual genotypes were
assessed at seven nuclear microsatellite loci, including
Ano1, Ano3, Ano4, Ano5, Ano6, Ano8 and Ano10, previ-
ously developed by Feldhaar et al. 2006 [52]. Microsatel-
lite loci were amplified using the multiplex PCR method
described by Blacket et al. 2012 [53]. The seven loci were
amplified in two separate 15 μL multiplex-PCRs, each
containing three to four pairs of primers (0.2 μM), 0.2
unit of SuperTherm Hot-start Taq DNA Polymerase
(JMR Holdings, UK), 0.25 mM of each dNTP, 1X Super-
Therm Gold PCR buffer (JMR Holdings, UK), and 10–
20 ng of template DNA. Thermal cycling profiles were
as follows: one cycle of 95 °C (10 min), followed by 35 cy-
cles of 94 °C (30 s), primer-specific annealing
temperature 55 °C (30s), and 72 °C (30 s), followed by a
single final extension of 72 °C (30 min). The resulting
PCR products were analysed on an ABI-3730 Genetic
Analyzer (Applied Biosystems) by Genomics BioSci &
Tech Co., Ltd. (Taipei, Taiwan). GeneMarker program
(version 2.4.0, Softgenetics LLC) was employed to
visualize and score alleles. Samples harboring homozy-
gous multi-locus genotypes were considered haploid in-
dividuals, while those with heterozygote at one or more
loci were considered diploid.
If any pupa or adult male successfully emerged in a


worker-only colony fragment, both life stages were sub-
jected to morphometric measurement. Pupa and male
sizes were measured as head width (HW), maximum
width of the head between the compound eyes and total
body length (TL), and the total outstretched length from
the mandibular apex to the gastral apex. The above-
mentioned measuring procedures were repeated on the
individuals collected from queenright colony as reference.


Fate of worker-laid trophic eggs
A colony fragment composed by individuals from differ-
ent castes was separated from each of the two original
nests (AGQR01 & AGQR02; n = 2). Each colony frag-
ment was maintained in a polypropylene container in
which several transparent plastic boxes were inversely
placed for housing ants as nest chambers [54]. The bot-
tom of the container was filled with moistened plaster of
Paris. These two colony fragments were designated as
AGTE01 and AGTE02. A nest chamber was randomly
selected for observation. Egg-laying workers or workers
carrying trophic eggs were identified and observed for a
total of 10.5 h (30 min observation period; n = 21) and
10 h (30 min per observation period; n = 20) in AGTE01
and AGTE02, respectively. More specifically, after a
trophic egg was laid, we observed the fate of a given
trophic egg as expressed by which caste a given trophic
egg was offered to. As queens generally consumed
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trophic eggs much faster than other castes (Ito et al., un-
published data), we conducted a separate observation in
which number of trophic eggs consumed by a given
queen was recorded. Duration of observation was 10.5 h
for each queen (30 min per observation period; n = 21).


Statistical analysis
The gaster size and reproductive parameters (i.e., number
of ovarioles/individual, number of yolky oocytes per ovari-
oles, and total number of yolky oocytes) between physogas-
tric and normal workers were compared and analysed with
Mann-Whitney U-test using SPSS version 16.0 (SPSS,
Chicago, IL, USA) at 95% confidence interval. The same
test was also applied to examine the morphometric differ-
ences between worker- and queen-produced offspring.


Additional files


Additional file 1: Figure S1. Map of Taiwan showing the collection
sites of three queenright colonies (AGQR01–03) used in the current
study. (TIFF 63 kb)


Additional file 2: Video S1. Fate of trophic eggs. A physogastric worker
(2nd worker in the upper left-hand corner) bends its gaster forward, seizes the
freshly-laid egg with mandible and immediately offers the egg to an adjacent
larvae pile. The video can be accessed through the URL https://www.youtube.-
com/watch?v=SvyrSZ-4n-s&feature=youtu.be. (MOV 2973 kb)


Additional file 3: Video S2. Sperm bundles. Motile sperm bundles in the
seminal vesicle of worker-produced males. The video can be accessed through
the URL https://www.youtube.com/watch?v=-AfHtSnak6A. (MOV 4352 kb)


Additional file 4: Figure S2. Physogastric workers in royal chamber.
Physogastric workers were found tending younger brood (a) and form a
dense retinue around the queen (b). (JPEG 14314 kb)
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Abstract


The collective egress of social insects is important in dangerous situations such as natural
disasters or enemy attacks. Some studies have described the phenomenon of symmetry
breaking in ants, with two exits induced by a repellent. However, whether symmetry break-
ing occurs under high temperature conditions, which are a common abiotic stress, remains
unknown. In our study, we deposited a group of Polyrhachis dives ants on a heated platform
and counted the number of escaping ants with two identical exits. We discovered that ants
asymmetrically escaped through two exits when the temperature of the heated platform was
>32.75ÊC.The degree of asymmetry increased linearly with the temperature of the platform.
Furthermore, the higher the temperature of heated platform was, the more ants escaped
from the heated platform. However, the number of escaping ants decreased for 3 min when
the temperature was higher than the critical thermal limit (39.46ÊC),which is the threshold
for ants to endure high temperature without a loss of performance. Moreover, the ants
tended to form small groups to escape from the thermal stress. A preparatory formation of
ant grouping was observed before they reached the exit, indicating that the ants actively
clustered rather than accidentally gathered at the exits to escape. We suggest that a combi-
nation of individual and grouping ants may help to optimize the likelihood of survival during
evacuation.


Introduction
One of the most fascinating phenomena predicted by Helbing et al. is the asymmetry in es-
caping observed when humans escaped a room with two identical exits in an emergency situa-
tion [1]. Helbing et al. proposed a model based on physical and sociopsychological forces to
describe human crowd behavior in panic situations. To achieve optimal benefits (lowest casu-
alties) in an evacuation system, humans would utilize two symmetric choices equally. How-
ever, panic-induced symmetry breaking occurred when humans escaped from a room with
two exits. Individuals instinctively followed the crowd instead of rationally choosing the less
crowded exit, resulting in chaos and jamming at one exit [2, 3]. The phenomenon of collective
asymmetry in escaping also occurs in ants.
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Altshuler et al. used citronella oil as a repellent to create a panic condition for leaf-cutting
ants (Atta insularis) and observed asymmetry in the numbers of escaping ants through two
exits [4]. In addition, ants tended to escape in groups rather than as individuals [5]. In these
studies, the panic condition was created by citronella oil, which is not a widespread hazard in
the wild. Few studies have investigated the escape behavior of ants that used two exits when
encountering natural abiotic threats such as heat.


Ants are poikilothermic social insects, which are sensitive to extreme abiotic conditions
such as high temperatures. In a thermal stress environment, ants are not able to forage or sur-
vive [6, 7]. Heat from the sun or an artificial source rapidly elevates the body temperature of
these small-bodied poikilotherms to lethal levels. Ants cannot forage at the critical thermal
maxima, defined as the temperature limit for egress from a lethal environment [8]. They
respond behaviorally and physiologically to circumvent or minimize potential injury. For
instance, ants retreat to a moderate environment, such as by resting in the shade, to avoid the
risk of mortality caused by heat [6, 9]. Representative ant survival strategies (e.g., changing
response patterns or increasing ant foraging activity) are the first form of defense against high-
temperature induced injury [10]. Both the ambient temperature and the surrounding environ-
ment determine their survival strategies; however, how they escape from a narrow space with
two identical exits under thermally induced danger remains unknown.


Our study focused on the escape behavior of ants from a space with two identical exits
under high temperature. Experiments were conducted using a heating platform at tempera-
tures ranging from 22 to 45ÊC.After integrating our findings with those of other studies [4, 5,
11], we suggest that the collective asymmetry in escaping under different panic (heating or
repellent) conditions is a general behavior in ant species.


Materials andmethods
Ethics statement
We did not involve endangered or protected species in this study. All efforts were made to
minimize suffering in experiments.


Ants
The black spiny weaver ant, Polyrhachis dives (F. Smith), is an arboreal ant, which is mainly
located in the low-lying areas of Taiwan. Its nests are usually found in weeds or shrubs. Six col-
onies were collected from Nantou county, Taiwan, and transferred to our laboratory. There is
no specific permissions were required for these locations/activities. Each colony contained
1500±2500workers and dozens of queens. Ants were maintained in a plastic box with a vial of
distilled water and food. The internal walls of the containers were brushed with Fluon (North-
ern Products Inc., Rhode Island, USA.) to prevent the ants from escaping. The colonies were
kept at approximately 25ÊC,under a natural light±dark cycle.


Experimental device
We built a device (Fig 1) consisting of a heated metal platform with two opposite bridges con-
necting to an unheated platform. The heated iron platform (Fig 1A) was 15 cm in diameter,
which was sufficient for evenly distributing 3000 black spiny weaver ants without their touch-
ing each other. Most of the heated cylinder, except for the heated platform, was immersed in a
thermostatic water bath (Fig 1B), and the temperature of the heated platform could be con-
trolled through the thermostatic water bath. The two opposite bridges acting as exits (Fig 1C)
were 3 cm in width and were connected to the heated and unheated platforms (Fig 1D). The
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bridges were made of acrylic, a thermal insulating material, to prevent heat conduction from
heated platform.


Experimental procedure
We investigated whether asymmetry in escaping through two identical exits occurred under
thermal stress at different temperatures (22, 25, 30, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, and
45ÊC).The thermostatic water bath was operated for a while before the start of each experi-
ment to enable the heated platform reach the target temperature. In each experiment, 60 ant
workers were haphazardly selected from the one of the artificial nests in the laboratory and
placed in a plastic cup. The internal wall of the cup was brushed with Fluon to prevent the ants
from escaping. The ants in the cup were then simultaneously placed on a heated platform.
Once the ants were deposited on the heated platform, they could escape. The escape process
was recorded for 3 min through a video camera set up above the arena. The number of escap-
ing ants whose bodies were completely passed through each exit (bridge) was counted. And
the ants were immediately removed from exits to prevent them from returning to heated plat-
form. Twenty replicates were conducted at each temperature. Ants for evacuation experiments
were from the same artificial nest in laboratory and different ant workers were used for each
experiment. The entire device was covered with cloth to minimize the interference of sur-
rounding environments with the ants during the experiment.


Statistical analysis
The relative difference in the use of two exits was calculated at each temperature using the fol-
lowing formula from Altshuler et al. (2005) [4]. Assuming that each ant escaped indepen-
dently, the use of two exits would be nearly equal. The chi-square goodness-of-fit hypothesis
test was used to determine the asymmetry in escaping. We also used non-linear regression to
identify the temperature threshold at which symmetry breaking in the escaping ants was


Fig 1. Schematic diagram of the experimental setup. (A) heated platform, (B) thermostatic water bath, (C) thermal insulating bridges, and
(D) unheated platform.


https://doi.org/10.1371/journal.pone.0173642.g001
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induced.


j escaping ants using left exit � escaping ants using right exit j
total escaping ants


� 100


To examine whether the ants preferred collective motion under high temperatures, we
defined more than three ants moving collectively as a group, in which the distance between
each ant was less than one ant length (6 mm). The relationship between the proportion of ant
grouping at the exits and different temperatures was examined using regression analysis. All
statistics were calculated using Statistica 7 software (Dell Inc., Texas, USA).


Results
Symmetry breaking induced under high temperature
Fig 2 demonstrates the number of ants escaping from the minor exit at different heated plat-
form temperatures (22, 25, 30, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, and 45ÊC),assessed through
polynomial regression analysis (y = −0.0843x2 + 5.521x − 72.121, R2 = 0.8209, p< 0.001). The
peak of the regression curve was at 32.75ÊC.This indicated the critical temperature at which a
turning point from symmetrical to asymmetrical egress occurs with two exits. Under this


Fig 2. Number of ants escaping through theminor exit at different temperatures in 3min. The relationship between the ants escaping through the
minor exit and the platform temperature was significant in the polynomial regression analysis.


https://doi.org/10.1371/journal.pone.0173642.g002
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critical temperature, no significant relative difference (χ2< 3.21, p> 0.073) was observed in
the use of two identical exits (Table 1). When the temperature was higher than 32.75ÊC(from
35 to 45ÊC),symmetry breaking occurred (χ2> 4.49, p< 0.05). The relative difference in use
of the two exits was lowest (15.6% ± 12.8%) at 22ÊC,whereas it increased up to 81.1% ± 6.2%
at 45ÊC.Symmetry breaking in the escaping ants was triggered by heat signals from the heated
platform. In addition, the relative difference in the use of the two exits increased monotoni-
cally with the rise in temperature (y = 0.0513x − 1.5478, R2 = 0.9434, p< 0.001; Fig 3), imply-
ing that the degree of asymmetry in escaping reflected the agitation level of the ants under heat
stress.


Number of escaping ants was influenced by temperature
Fig 4 depicts the number of escaping ants in 10 s under different heated platform tempera-
tures. The number of escaping ants gradually increased in conjunction with the temperature
(y = 0.0139x2 − 0.2942x + 3.0531, R2 = 0.9077, p< 0.001). At the highest temperature (45ÊC),
more than 25% of ants could efficiently escape in merely 10 s. The evacuation speed of the ants
was indirectly regulated by the environment temperature. However, the maximum number
of escaping ants was not observed at the highest temperature (45ÊC)in the 3 min period
(Table 1). Non-linear regression showed that the peak of the regression curve was at 39.46ÊC
for the 3 min period (Fig 5; y = −0.104x2 + 8.2072x − 108.31, R2 = 0.9001, p< 0.001), indicating
the critical thermal maxima. The number of ants escaping in 3 min increased when the tem-
perature rose, whereas it began to decline when the temperature was>39.46ÊC.The trends in
these two results (the number of ants escaping within 10 s and 3 min) were converse when the
temperature was>40ÊC.


Collectivemotion of ants under thermal stress
Fig 6 demonstrates the proportion of ant groups escaping through the exits at different tem-
peratures. Linear regression analysis showed a significant relationship between collective
escaping and heated platform temperatures (y = 0.0255x − 0.2093, R2 = 0.8712, p< 0.001). The
proportion of ant grouping grew linearly when the temperature (> 32.75ÊC)increased. Ants


Table 1. Number of escaping ants and relative difference between the two exits at different temperatures in 3min.


Temp. (ÊC) No. of major exit (SD) No. of minor exit (SD) Total No. escaping ants (SD) Relative difference of two exits (SD) χ2 p-value
22 13.4 (3.1) 10.0 (2.9) 23.4 (5.4) 15.6 (12.8) 0.49 0.486
25 20.4 (4.0) 13.7 (3.8) 34.1 (7.3) 20.1 (9.1) 1.30 0.256
30 23.0 (3.6) 12.4 (3.2) 35.4 (4.1) 30.4 (16.4) 3.21 0.073
35 32.8 (2.4) 17.7 (3.7) 50.5 (2.3) 30.2 (12.6) 4.49 0.034
36 35.3 (2.6) 17.5 (2.8) 52.8 (2.6) 33.8 (9.6) 6.00 0.014
37 36.9 (2.9) 17.7 (3.0) 54.6 (2.1) 35.2 (10.2) 6.72 0.010
38 39.1 (1.3) 17.7 (1.9) 56.7 (1.6) 37.8 (5.5) 8.08 0.004
39 40.1 (2.9) 17.6 (4.2) 57.6 (3.8) 39.4 (11.3) 8.79 0.003
40 39.6 (3.4) 14.9 (3.7) 54.5 (2.0) 45.6 (12.9) 11.25 0.001
41 41.7 (2.3) 13.2 (2.8) 54.9 (1.4) 52.2 (9.5) 14.86 < 0.001
42 41.7 (3.6) 11.6 (4.2) 53.3 (2.2) 56.9 (14.7) 17.07 < 0.001
43 42.4 (3.9) 8.2 (4.2) 50.6 (3.3) 67.9 (15.0) 23.12 < 0.001
44 42.4 (3.0) 6.4 (2.6) 48.8 (2.7) 73.9 (10.3) 26.56 < 0.001
45 44.7 (2.1) 4.7 (1.7) 49.4 (2.7) 81.1 (6.2) 32.39 < 0.001


Asymmetry in escaping was determined using the chi-square goodness-of-®ttest.


https://doi.org/10.1371/journal.pone.0173642.t001
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preferred escaping in groups (more than three ants per cluster) instead of as individuals under
thermal stress. At the lowest temperature, the proportion of ants escaping in groups was simi-
lar to that of ants escaping individually. At the highest temperature (45ÊC),the amount of ant
groups was nine-fold higher than that of the individuals. Furthermore, the distribution of ants
on the heated platform was examined at 15 s to investigate whether the escaping ants tended to
cluster before they reached the exit. Some of the ants formed small groups (3±6 ants) at 25ÊC,
whereas they clustered more closely at 35 and 45ÊC(Fig 7). This implied that they actively clus-
tered into piles initially and then escaped in groups when they encountered thermal stress.
Although we also observed that some ants fell from the heated platform and floated on the sur-
face of water (Fig 7), it didn't influence our consequence. Because there were still a majority of
ants (over than 80%) escaping without falling or dying under heat stress (over 35ÊC)(Table 1).


Fig 3. Relative difference in the use of the two exits at different temperatures in 3min. The regression line corresponds to the relationship between
the relative difference in the use of the two exits and the ground temperature.


https://doi.org/10.1371/journal.pone.0173642.g003
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Discussion
In our study, an asymmetry in the escaping of P. dives ants from two identical exits was
induced under high ground temperatures (>32.75ÊC;Fig 2), which are a common abiotic
danger for ants. Other researchers have also observed symmetry breaking in different ant spe-
cies, including Camponotus japonicas [12], Atta insularis [4], and Solenopsis invicta [11]. This
phenomenon may not be species-dependent in ants. Some studies have continued exploring
the mechanism responsible for the asymmetry in escaping. So far, a more acceptable explana-
tion is that escaping ants recognize the major exit through pheromones, which are a chemical
signal used to communicate among ants. Many ant species have poor vision, so they leave trail
pheromones as cues for other members to track [13]. Other ants can perceive these phero-
mones through their antennae and can determine whether to follow [14]. Li et al. (2014) also


Fig 4. Number of escaping ants in the first 10 s at different temperatures. The curve represents the relationship between the number of ants escaping
in 10 s and the heated platform temperature, determined through regression analysis.


https://doi.org/10.1371/journal.pone.0173642.g004
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proposed an alarm pheromone model to explain the effect of symmetry breaking on ant den-
sity [11]. They inferred that pioneer ants randomly chose one exit and deposited a pheromone
along the way; the rest of the ants sensed it and followed subsequently.


Helbing et al. (2000) proposed the ªfaster is slowerº (FIS) effect among pedestrians during
room evacuation through computer simulation [1]. When individuals tried to escape in short-
est time by following a straight path to the exit, clogging and jamming occurred at the exit.
This model corresponded to the crowded situation observed at the exit during the ªStation
Nightclubº fire (USA, 2003) [15]. The mechanism of the FIS effect may involve the tangential
friction of contacted particles [16]. In addition, Soria et al. identified the FIS phenomenon
in escaping ants [17]. The evacuation time decreased as the concentration of citronella oil
increased. However, the evacuation time started to increase beyond 75% citronella oil use. The
mechanism underlying the FIS effect in ants differed from that in humans because jamming or


Fig 5. Number of escaping ants in 3min at different temperatures. The relationship between escaping ants and platform temperatures was significant
as per polynomial regression analysis.


https://doi.org/10.1371/journal.pone.0173642.g005
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clogging at the exit was not observed in ants. Boari et al. (2013) mentioned that the movement
and performance of ants were probably damaged by the high concentration of citronella oil
[18]. Our results also documented the FIS phenomenon in the number of escaping ants and
heated platform temperatures (Fig 5). When the temperature was higher than the critical ther-
mal limit (39.46ÊC)for P. dives, the locomotion might have been impaired. Therefore, the
number of escaping ants began to decline. Interestingly, the number of ants escaping in 10 s
monotonically increased, even>39.46ÊC(Fig 4). We surmised that the performance of the
ants was not hampered within 10 s. Soon after, their locomotion was gradually impaired by
thermal ground temperatures. Eventually, some of the ants could not escape after 3 min, and
they even died.


The ants efficiently evacuated with the degree of thermal stress (Fig 4). This result was simi-
lar with that in Boari et al. (2013) study [18]. Other researchers investigated different factors
affected the ants' flow rate through the exit during evacuation. Wang et al. (2015) placed the C.
japonicus ants in single-exit room with repellent and found that the mean flow rate didn't


Fig 6. Proportion of ants grouping to escape in 3min at different temperatures. The line shows the relationship between the percentage
of ant grouping and heated platform temperature.


https://doi.org/10.1371/journal.pone.0173642.g006
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linearly increased with the exit width [5]. Their group also conducted another experiment to
examine whether the distance between two exits in a room influenced the ants' egress flow rate
[12]. They demonstrated that the maximum mean flow rate occurred when the distance was
longest (6 cm) compared with other separations between two exits (1 cm, 2.5 cm, 4 cm, and 5
cm). Furthermore, they looked into the relationship between flow rate and density using small
and large size of C. japonicus ants in unidirectional passageway under stress condition [19].
They revealed that the flow rate had significantly positive correlation with the density in both
small and large size ants. These studies provided important information to understand the dif-
ference of egress behavior between ants and human.


Ants are one of eusocial insects and the priority of survival is colony instead of individual.
They prefer collective action to accomplish tasks such as foraging, defense against enemies,
and nest moving [20±23]. In our study, the majority of the ants escaped in groups through the
major exit under thermal stress, thereby achieving colony movement (Fig 6). They formed
groups on the heated platform in advance and escaped through the exits in these groups (Fig
7), implying that ant grouping was not a coincidental gathering at the exit but an actively coop-
erative behavior. This grouping behavior was also mentioned byWang et al. (2015) [5]. More-
over, Helbing et al. (2002) proposed the ªignorance of available exitsº model, which suggested
that neither simple individualistic nor herding behavior is optimal for escaping [24]. Pure


Fig 7. Snapshots of ant distributions on the heated platform at different temperatures at 15 s. The color indicates the ant numbers in clusters. The
black arrows indicate the location of the exits (bridges) on the heated platform. The red arrows indicate that the ants fell from the heated platform and floated
on the surface of water.


https://doi.org/10.1371/journal.pone.0173642.g007
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individual behavior means that each person just fortuitously finds an exit. Pure herding behav-
ior infers that the whole crowd eventually moves in the same direction while other available
exits are not efficiently used. Therefore, they expected that a combination of individualistic
and herding behavior can achieve optimal chances of survival. This model may provide a ratio-
nal interpretation of our findings. Individual ants were allowed to find the exit, and grouping
ants that successfully identified the solution were imitated by small groups. Both small-group
formation and a certain proportion of individuals were essential for ants to escape through the
available exits under panic conditions.


Conclusions
The Chinese proverb ªlike an ant on a hot potº has a similar meaning to the English proverb
ªlike a cat on a hot tin roof.º However, the escape behavior of ants from a space with two iden-
tical exits under ªhot potº conditions was not clear. We investigated whether an asymmetry in
the escaping of P. dives ants was induced on a heated metal platform. When the ground tem-
perature grew to>32.75ÊC,the relative difference in the use of the two exits significantly
increased. The FIS phenomenon was observed in the number of escaping ants and ground
temperature in 3 min. However, the mechanism underlying the FIS effect differed between
humans and ants.


In addition, ant grouping was noticed at the exits under thermal stress. Some of the ants
had already formed groups on the heated platform, even before they crossed the exits. We
speculated that a mixture of individual and grouping ants may help in achieving the highest
possibility of survival during evacuation.


Our study provided evidence that ants exhibit collective asymmetry in escaping from two
identical exits under heat stress. Consistent with previous findings, this behavior commonly
occurs in different ant species under panic conditions.
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Background/Question/Methods 
Our previous studies showed that physogastric workers in yellow crazy ant Anoplolepis 
gracilipes produce trophic eggs that constitute a major dietary regime for larvae. To 
test if demand of trophic egg serves as a predominant factor triggering ovary 
development of workers, we compared level of ovary development and proportion of 
physogastric workers between queenright and queenless colony fragments. We then 
hypothesized both parameters are significantly higher in queenright colonies where 
demand of trophic eggs is higher due to the production of larvae. 
 
Results/Conclusions 
Our results contradict our hypothesis that the proportion of physogastric workers was 
significantly higher in queenless fragments than in queenright fragments, and workers 
in the queenless fragments tend to possess more well-developed ovaries (i.e., higher 
number of yolky oocytes per ovariole and total number of mature oocytes). These 
findings suggest that development of worker ovary appears to be under queen control 
(e.g., queen pheromone signaling) as seen in many other ant species. We also found 
that virtually all queenright colonies share similar proportion of physogastric workers, 
suggesting only a certain ratio of physogastric workers is allowed in a colony. We 
conclude that despite its critical nutritional role as a trophic egg producer, excess of 
physogastric workers likely jeopardize colony performance as workers of such kind 
invest much less in non-reproductive tasks (e.g., foraging). In other words, an optimum 
ratio of physogastric worker therefore is required and is a product of balance between 
nutrition supply and colony-level productivity that is most likely controlled by queen. 
 
Key words: Anoplolepis gracilipes, invasive species, physogastric workers, parental 
manipulation 
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