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Abstract

Background: Advancements in proteomics, including the technological improvement in instrumentation, have
turned mass spectrometry into an indispensable tool in the study of venoms and toxins. In addition, the advance of
nanoscale liquid chromatography coupled to nanoelectrospray mass spectrometry allows, due to its high sensitivity,
the study of venoms from species previously left aside, such as ants. Ant venoms are a complex mixture of
compounds used for defense, predation or communication purposes. The venom from Neoponera ants, a
genus restricted to Neotropical regions, is known to have cytolytic, hemolytic, antimicrobial and insecticidal
activities. Moreover, venoms from several Neoponera species have been compared and differences in their
toxicity related to nesting habitat variation were reported. Therefore, the present study aimed to perform a
deep peptidomic analysis of Neoponera villosa venom and a comparison of seasonal and nesting habitat
variations using high-resolution mass spectrometry.

Methods: Specimens of N. villosa ants were captured in Panga Natural Reserve (Uberlandia, MG, Brazil) from
arboreal and ground-dwelling nests during summer and winter time. The venom glands were dissected,
pooled and disrupted by ultra-sonic waves. The venom collected from different habitats (arboreal and
ground-dwelling) and different seasons (summer and winter) was injected into a nanoACQUITY ULPC
hyphened to a Q-Exactive Orbitrap mass spectrometer. The raw data were analyzed using PEAKS 7.

Results: The results showed a molecular diversity of more than 500 peptides among these venoms, mostly
in the mass range of 800-4000 Da. Mutations and post-translational modifications were described and
differences among the venoms were observed. Part of the peptides matched with ponericins, a well-known
antimicrobial peptide family. In addition, smaller fragments related to ponericins were also identified,
suggesting that this class of antimicrobial peptide might undergo enzymatic cleavages.

Conclusion: There are substantial differences among the venom of N. villosa ants collected in different
seasons and from different nest habitats. The venom composition is affected by climate changes that
influence prey availability and predator presence. Clearly, nano-LC-MS boosted the knowledge about ant
venom, a rich source of unexplored and promising bioactive compounds.
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Background

Unquestionably, fundamental research on Hymenoptera
venom benefits a great deal from the development of min-
iaturized peptidomics and the improvements in nanoscale
liquid chromatography coupled to nanoscale tandem mass
spectrometry (nano-LC-MS/MS). Mostly due to their
small size and therefore scarcely collected venom, this
order has always been neglected and considered unfeasible
to be studied through the known classical strategies that
generally involve large amounts of venom [1, 2]. Hyme-
nopterans (sawflies, wasps, ants, and bees) are recognized
as one of the most diverse insect order, comprising more
than 153,000 described species [3]. Among those, 9100
species correspond to stinging ants, the most abundant
group of venomous animals on Earth and ubiquitous in
terrestrial environments [4, 5].

Ant venoms vary considerably, but they are generally
composed of a complex mixture of peptides and proteins,
biogenic amines, hydrocarbons, formic acid and alkaloids
[5-7]. This mixture is responsible for a large range of ac-
tivities including antimicrobial, hemolytic, cytolytic, para-
Iytic, insecticidal and pain inflicting effects [5, 8, 9]. Thus,
it can be exploited for different purposes such as defense
(against predators, competitors and microbial pathogens),
predation and social communication [5, 9, 10]. The daz-
zling diversity of ant venom composition and function
could be a reflection of their preference for different nest-
ing habitats, and consequently their diet and hunting be-
haviors [2, 5, 10, 11]. This still unexplored extant chemical
diversity represents a source of novel bioactive toxins that
could be used as tools for the development of new biopes-
ticides and therapeutic agents such as antimicrobials
drugs [12].

Neoponera genus represents a large group of ants be-
longing to the Ponerinae subfamily and to date it has 57
described species [13]. The venom from Neoponera ants,
besides inflicting a painful sting, is known to have cyto-
lytic, hemolytic and antimicrobial activities. In insects, the
venom causes paralysis and death, highlighting its bio-
insecticidal potential [8, 14]. In addition, the venoms of
several Neoponera species were compared and the authors
observed differences in the toxicity of the venom from
ants with arboreal and ground-dwelling nest habitats [10].

In the light of the aforementioned, this study per-
formed a deep peptidomic comparison of Neoponera vil-
losa venoms extracted in summer and winter, and from
arboreal and ground-dwelling nests through high reso-
lution mass spectrometry, de novo sequencing and in
silico identification of peptides.

Methods

Venom collection

Specimens of Neoponera villosa ant were collected at the
Panga Natural Reserve located 30 km south of Uberlandia,
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Minas Gerais State, Brazil (19° 10" S, 48° 24’ W) and im-
mediately taken to the laboratory. Arboreal ants and
ground-dwelling ants were kept separately. The ants were
collected in different seasons (summer and winter) and
from two different arboreal nests and one ground-
dwelling nest. The venom sacs were dissected, pooled in
15% acetonitrile (ACN) and 0.1% of TFA and disrupted by
ultrasonic waves. The empty reservoirs and membrane
debris were discarded by centrifugation [8]. The number
of venom sacs/condition were: winter (49 sacs); summer
(40 sacs); arboreal (30 sacs); ground-dwelling (23 sacs).
Total protein quantification was performed for each sam-
ple using Bradford assay. The samples were lyophilized
and kept at - 20 °C.

Mass spectrometry approaches

Nano-liquid chromatography coupled to electrospray
tandem mass spectrometry (Nano-LC-ESI-MS/MS) Orbitrap
(Q-Exactive)

Top-down venomics of N. villosa venom was selected
for exploring and comparing the peptidomes of the
venoms collected in different conditions. N. villosa crude
venoms were diluted in 10 pL 0.2% of FA (formic acid)
and injected into a nanoACQUITY ULPC (Waters, UK)
hyphened to a Q-Exactive Orbitrap mass spectrometer
(Thermo Scientific, USA). The chromatographic system
2D nanoACQUITY ULPC (Waters, UK) was equipped
with a monolithic PepSwift Capillary column (100 um x
25 c¢m, Thermo Scientific, USA) equilibrated with solu-
tion A (H,0/0.1% formic acid). The elution of the pep-
tides of each venom condition was performed with a
gradient of 3-50% of solution B in 97 min (A: H,O/FA
0.1%; B: ACN) at a flow rate of 1 pL/min. All mass spec-
trometry analyses were performed in data-dependent ac-
quisition (DDA) mode that automatically triggers the
MS/MS experiments. The mass range of the mass spec-
trometry (MS) experiments were set to 400—1750 m/z.
The top 12 most intense peaks of each MS scan were
fragmented by high-energy dissociation (HCD) and their
corresponding MS/MS spectra were acquired in the
Orbitrap analyzer on the mass range of 200-2000 m/z.
The automatic gain control (AGC) target values were
3e6 for MS spectra and 1e5 for MS/MS spectra.

Data processing and data base search

Full spectra were deconvoluted and processed using
Thermo Scientific Xtract software in order to obtain a
peptide mass list. The generated lists of each venom
were manually processed and all masses below 800 Da
and intensities lower than 1E4 were deleted. The lists
were cleaned up by deleting the redundant masses as
well. After cleaning the data, we could compare the
masses present on the venom of winter and summer,
ground-dwelling and arboreal ants.
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For each pair of venoms compared (winter x summer;
ground-dwelling x arboreal), the masses within +0.05 Da
difference were considered as “common mass”. In paral-
lel, raw data obtained from the Orbitrap analysis were
examined in Peaks 7 software (Bioinformatics solutions,
Canada). De novo sequencing was performed using a
mass tolerance of 10 ppm and mass accuracy of 0.1 Da
for the parent and fragment ions, respectively. Oxidation
(H, W and M) and amidation were set as variable modi-
fications. The average local confidence (ALC) was estab-
lished in >70%. A decoy database was used to calculate
the false discovery rate (FDR) which was set to <1%.
The search was carried out against Hymenoptera and
animal toxins databases. In order to increase the number
of sequences, the Spider algorithm from Peaks software
was used. This algorithm explores the best similarity be-
tween the de novo sequences determined by proteomics
experiments (based on MS/MS spectra) and sequences
stored in databases.

Results

Venom comparisons — summer X winter

The venoms collected during winter and summer were
compared using liquid chromatography— mass spec-
trometry (both venoms were collected from arboreal
ants). Most of the peptides were eluted between 35 and
80 min that correspond to 30% of acetonitrile, as shown
on the total ion chromatogram (Fig. 1). The spectra were
deconvoluted using Xtract and a mass list was generated
together with the estimation of the number of peptides
present in the venom. A total of 988 peptides between
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800 and 10,000 Da were observed in the winter venom,
while the summer venom presented 785 different pep-
tides on the same mass range. The mass distribution of
the peptides (Fig. 2) was similar, with the majority of the
peptides in the range 800-1600 Da.

Both the mass lists were compared and masses match-
ing within 0.05 Da were considered identical. Due to the
high resolution of the mass spectrometer used, a low
mass difference (0.05 Da) could be fixed to compare
both conditions. The analysis showed that 234 peptides
(15%) were “identical” for both venoms as shown in
Fig. 3. The mass distribution of the identical peptides
(Fig. 2) follow the same distribution of the peptides of
each venom (Fig. 3), with most peptides grouped in the
800-1600 Da range. The common masses are shown in
Fig. 3.

The peptides obtained by high resolution nano-LC-
ESI-MS/MS were de novo sequenced generating high
quality sequence tags that were used by PEAKS DB and
Spider algorithm dedicated to the searches into specifics
databases such as the hymenoptera and animal toxins
database. We have considered as an accurate identifica-
tion just the peptides that presented more than 40%
coverage. The animal toxins database showed the best
matches and therefore was chosen for the analysis. A
table including all matches (coverage >40%) is available
in Additional file 1. Among the results obtained, we
highlight the ponericins, a well-known antimicrobial
peptide family (Fig. 4, bar graph), which were common
in both venom conditions. Besides that, the common
peptides also matched with dinoponeratoxins (Fig. 4, bar
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Fig. 1 Total ion chromatogram (TIC) of ant venoms extracted during the winter (blue turquoise) and summer (pink)
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Fig. 2 Mass distribution of venom peptides extracted during
summer (pink) and winter (blue turquoise)

graph). In addition, we emphasize the percentage that
did not have any match with the database used (76 and
84%), as shown in Fig. 4 (pie chart).

Venom comparisons - ground-dwelling x arboreal

The venom collected from arboreal and terrestrial nests
were compared (venoms were extracted during sum-
mer). The same experiments performed for the venoms
described in the previous comparison were adopted for
this comparison. The total ion chromatogram (Fig. 5)
demonstrates that the venom from terrestrial nest ants
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is more complex than the venom of ants that live in tree
trunks. The venom of arboreal ants exhibited 936 pep-
tides in its composition, while terrestrial ants presented
1378 peptides in their venom. The distribution of the
molecular masses is similar for both venoms, as shown
in Fig. 6. Arboreal and ground-dwelling ants presented
377 (19%) peptides in common (Fig. 7). The common
mass values are illustrated in Fig. 7.

The peptides obtained by high resolution nano-LC-
ESI-MS/MS were de novo sequenced generating high
quality sequence tags which were used by PEAKS DB
and Spider algorithm following the same parameters
used for the summer and winter analysis. A table
including all matches (coverage > 40%) is available in the
Additional file 2. Among the results obtained, we high-
light again the ponericins (Fig. 8) that were common in
both venom conditions. In addition, the common pep-
tides also matched with pandinin-2 and protonectin, as
shown in Fig. 8 (bar graphs). Once more, we emphasize
the percentage of peptides that did not have any match
within the database used (81 and 84%).

Discussion

Venom comparison

Advancements in mass spectrometry that use soft
ionization techniques such as matrix assisted laser de-
sorption ionization (MALDI) and electrospray, along
with the development of proteomic and peptidomic
strategies have turned the characterization of animal
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817.493 905.544  1051.578 1221.705 1470.942 1838.153 2956.628
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820.599 910.524 1065675  1229.795 1478.906  1888.249  3332.946
823.376 922.571 1068.697 1230.756 1494.872 1895988  3348.927
824.485 928.546 1068.93 1250.686 1501.908  1896.201 3364.937
828.518 933.539  1079.654 1265.732 1509.835  1980.216  3380.922
832.241 939.596  1084.625 1282.758 1518.854  1999.245  3397.932
833.241 943.566  1089.629 1284.556 1521.949  2025.295 3494.982
834.487 94456 1090603  1298.819  1523.894  2043.268 3533.03
837.444 945.571 1102.685 1299.785 1532.842  2135.306 3593.6
841511 950.566  1106.655 1307.708 1533.873  2150.286  3718.746
842.52 955.52 1116.467 1308.891 1541.885  2156.335 3755.679
845.544 956.543 1124.703 1323.731 1550.004  2166.275 3826.73
846.439 95849 1128748  1326.785  1551.882 2209421  3827.741
847.461 962.5 1133.654 1328.869 1555.857  2240.244  3952.854
852.489 963.553 1139.733 1342.879 1565.863  2263.365 3953.854
854.471 964.561 1142.63 1343.841 1571.824  2266.473 3967.842
858.499 97457 1150681  1353.784  1584.023 2279356  3980.852
862.433 983.614  1151.561 1367.874 1622.022  2299.294  3981.854
866.476 985.552 1161678  1377.792 1633.921 2337513  4114.907
867.367 991.549  1168.717 1397.812 1658.019 239146  4506.104
868.411 995.559  1177.672 1413.789 1671.069  2580.492  4588.145
871.561 996.575 1183.66  1413.921  1695.929  2590.652  5064.246
872.525 1002.558  1193.667 141484 1719.944  2599.579  5935.544
879.38  1004.617 1194.706 1416.688 1726.098 2627.577  5994.553
882.322 1008.575 1196.762 1419.942 1727.095 2672.587  6061.332
883.537  1014.607 1199.627 1420793  1735.077  2722.574
884.557 1015.583 1200.771 1423.743 1755.067  2761.629
885.401 101853 1203725 1431.853  1769.086  2776.745
892.512 1021.584  1205.667 1439.831 1784.115  2828.647

mass distribution of those peptides is shown on

Fig. 3 Ant venom peptide comparison. Venn diagram showing the unique and common venom peptides (intersection) collected during summer
(pink) and winter (blue turquoise). A list of the common masses is shown on the right and the
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Fig. 4 Analysis of the results obtained by PEAKS using the animal toxin database. The raw data obtained by high resolution nano-LC-ESI-MS/MS
of venoms extracted during summer (pink) and winter (blue turquoise) were upload in PEAKS 7. Most of the tags obtained after the automated
de novo sequencing did not have any match against the database used (pie charts). The common peptides identified were mainly from the
ponericin family (bar graph). The bar graph shows the abundance of the matched peptides for each condition. Just matched peptides that were

common for both conditions are shown

venoms more complete and easier to embrace by funda-
mental research [1, 15, 16]. Venom from different
species of animals has been explored using this tech-
nique, including species previously left aside, such as
ants [1, 2]. Despite the limited research concerning ant
venom, a considerable number of studies unveiling the
venom complexity has already been published using a
proteomic/peptidomic approach [2, 9, 17, 18]. In the
present work, four peptidomes of the venom of N. vil-
losa were decoded using a high-resolution mass spec-
trometry coupled with nano-chromatography. The
peptidomes were constructed in order to compare and
elucidate the climatic and habitat influences in the com-
position of the venom.

Thus, ant venoms collected in summer and winter
were compared revealing considerable differences. The

results have shown that only 15% of the peptides are
shared between the two seasonally different conditions,
revealing a lavish plasticity. Ferreira Junior and et al.
[19] have already reported that melittin and phopholi-
pases A,, from bee venom, differ according to climatic
and seasonal factors. This seasonal variation was also de-
scribed for the antigen 5-like gene, which is expressed
by the bee venom gland in winter but not during sum-
mer [20]. In ants, as well as all the Hymenoptera, only
females are venomous, eliminating venom variability re-
lated to gender. The ontogenic variation could also be
excluded since both old (foraging workers) and young
(living inside the nest) specimens were collected. In
addition, the ants were collected in the same geographic
region, thus excluding the influence of this variable on
our experiments.
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Danneels and et al. [21] have compared the venom
composition of winter and summer bees, describing dif-
ferences related to the fact that bees face different preda-
tors and intruders during the two seasons. Mind that ant
venom, as well as other aculeate species, has not only an
offensive function for prey capture, but also a defensive
role against possible attackers, including defense against
antimicrobials by preventing infections within their col-
onies [2, 5, 10, 22]. As well as predators and intruders
may change, the type of available prey may oscillate
along the year in response to climatic and seasonal

Mass Distribution

Mass Range (Da)

0 100 200 300 400 500
Number of peptides

Fig. 6 Mass distribution of the venom peptides extracted from
arboreal (blue) and ground-dwelling (orange) ants

fluctuations, putting diet and defense on the spotlight of
venom variation.

It has been demonstrated that some social insects dis-
play seasonal shifts in foraging behavior [23]. The au-
thors demonstrated a link between seasonal food
collection behavior and nutrient regulation strategies,
suggesting that season-specific nutrient regulation strat-
egies may be an adaptation of ants (amongst other ani-
mals) to meet current and long-term nutrient demands
when nutrient-rich food is abundant (spring and sum-
mer) and to conserve energy when food is less abundant
[23]. Consistently, a marked increase of foraging activity
in a warm and wet season by ponerine ants was already
reported in savanna and forest ecosystems [24—26]. Al-
though Neoponera genus consists of polyphagous ants,
insects constitute the major food source and, thus, their
venom must be empowered to immobilize and kill these
preys [10].

In the current work, ants were captured in the cerrado
ecoregion characterized by a tropical climate with two
distinct seasons: dry winter (from May to September)
and rainy summer (from October to April) [27]. During
summer, hot and rainy, the ants are more active, for-
aging and storing food before the beginning of the win-
ter (which is still warm, but dry) and, thus, the ants
would be using more often their venom. From this per-
spective, the lower number of peptides in the venom
collected in summer (551 peptides) when compared to
that collected in winter (754 peptides) is explained.
Therefore, we support the idea that climate changes,
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Common masses (0.05 Da - difference)

on the left

\

808491  928.547 110159 1326.787 1695929 2236381 2818.705 3692.665
814481 930.604  1102.6 1328.867 1705962 2240244  2835.65 3698.188
815216 932.506 1106.654 1338.873 1713.989 2243368 2846.604 3783.705
81533 933541 1107.593 1342.870 1715032 2263366 2856.54 3827.735
815475 93649 111058 1343.038 1719.045 2279356 2872.526 384176
816215 943.567 1116712 1367.845 1763127 2294399 2904.847 3842.746
817.481 944582 1117.646 1377.792 1784152 2295352 2910.486 3933.554
818422 950.568 1119.637 1379.933 1791.068 2299296 2915.765 3952.852
820.6 95456 1123.682 1391.648 1797.079 2337513 2931.705 3967.846
828517 956.543 1128751 1402.761 1802072 2339.476 2933.750 3968.853
820415 961.536 1133.654 1413.918 1809.071 2349396 2930.82 3980.844
830.396 962.5 1130743 1414.831 1812027 2373286 2963.756 3996.843
831464 963.553 114263 1417.854 1827.088 2374115 2965.83 4082.168
832.24 966.505 1143791 1410.942 1828179 2379.327 2979.745 4098.152
833241 97454 1150681 1420792 1830.018 239146 3001.443 4114.152
834416 976.631 1151562 1423.743 1838158 2397.287 3129.650 4149.212
840.482 977.621 1158759 1430.753 1850.881 2410511 3184.867 4165197
842499 978.541 1161679 1431.853 1852181 2473453 3196.902  4181.19
3 845544 979.769 1167558 1436.921 1862221  2480.6 3247.865 4297.131
846.44 98052 1167708 1442.82 1867.951 2520156 3260.884 4298.138
848.24 981564 1177.672 1450.930 1868.994 2532.649  3263.89 431513
848535 983.661 1182.637 1451.923 1877168 2548.633 3275.860 4316.088
852444 985.554 1193.668 1458.827 1883163 2573.625 32866 4331.087
Distribution of the commion massas 853.105 988.506 1194705 1459.810 1888248 2575306 3289.888 4360.085
854572 991.548 1200662 1470.945 1894.166 2580491 3295.807 4505.099
T I 856561 993.572 1210776 1471.936 1896208 2590.644 3310.819 4528.109
& 862434 996.575 1211734 1474.882 1924208 2613444 3317.916 4533.095
0,‘0“ 1 864.627 997.603 1213791 1482711 1949206 2617.544 3330.961 4556.102
&£ [ 866.477 1001.639 1214589 1504.937 1980217 2622.641 3332.942 4561.151
L & 4] 867.404 1002.558 121672 1518.854 1997.953 2633531 3348.931 4562.126
S $ ] 868.41 1008.575 1221704 1521.940 1998.283 2634.685 3340.951 4577.121
= " ] 872526 1011.62 1229797 1523.894 2002259 2643567 3364.924 4590.121
§ < J_| 873519 101461 123873 1530.854 2009.289 2645549  3370.81 5064.245
g ® @@ ] 870472 1018.531 1241649 1532.846 2014.977 2648.669 3377.94 5936.545
o S J—I 880.025 102454 1241798 1533.873 2016349 265153 3380.922
T S l 885.449 1026.656 1244.628 1541.886 2028245  2670.6 3386.803
2 & 886.503 1030.555 1248.659 1549.868 2037.28 2672566 3403.808
g ® S ! | ) 888,519 1039.687 1250.687 1567.96 2043267 2722565 3462.999
& 891509 10456 1254.635 1571.825 2051113 2730717 3472.964
& & 892514 1057.714 1255757 1583.983 2065247 2752702 3481.817
RAC P < D) 896.436 1059.535 1265732 1613.014 2071252 2754725 3490.955
BN 0 50 100 150 500 899544 1062.627 1274746 1621.077 2072171 2758.706 3495.022
g 902.436 1068.701 1298.819 1622.021 2155351 2772649 3525.057
number of peptides 904,515 1079.655 1299.786 1633.023 2171336 2776746 3533.028
905.476 1084.616 1301743 1652.988 2178277 2785676 3571.088
010524 1088.602 1307.708 1656.057 2178385 2797.411 3586.084
910.646 1094.769 1308.894 1663.899 2194.137 2800.683 3592.632
913.574 1007.656 1309.76 1674.037 2197182 2801.682 3593.599
916.57 1098.533 1325768 1681.940 2200.189  2808.79 3664.678

Fig. 7 Venom peptide comparison. Venn diagram showing the unique and common venom peptides (intersection) extracted from ground-dwelling
(orange) and arboreal ants (blue). The mass list of the common masses is shown on the right and the mass distribution of those peptides is shown

that influence prey availability and predator presence,
have an impact on the expression of peptides that com-
pose N. villosa venom. It is worth mentioning that it is
not yet possible to state whether this variability is due to
a plasticity in gene expression in response to environ-
mental changes — such as the abstinence of certain types
of breed or presence of certain microbial strains in the
colony — or whether this change in venom composition
is the result of an evolutional adaptation to habitats with
marked seasonality.

When comparing the different types of nesting that
these ants can adopt (ground-dwelling or arboreal), re-
markable differences were identified. Among the pep-
tides composing the venom of ground-dwelling and
arboreal ants, only 377 (19%) are common for both con-
ditions. Orivel et al. [10] verified that the venom of the
Neoponera ants that adopt different types of nesting

presented similar biological activities, but with different
efficacies. The authors stated that the paralysis and the
lethality effect of arboreal ant venoms are significantly
different when compared to the venom of ground-
dwelling ants. This variation in the potency of venom
activity represents an adaptation to arboreal life, since
the possibility of prey to escape in this environment is
greater when compared to terrestrial life [10]. Recently,
it was reported that the venom toxicity of three Pseudo-
myrmex ant species, which have different nesting habits,
did not vary, but their compositions were remarkably
different [28]. In the present work, the peptides present
in the ground-dwelling venom are more numerous than
the arboreal one; however, we cannot stress anything yet
concerning their efficiency.

Intraspecific variations of venoms have already been
reported for several groups of animals such as snakes,
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Fig. 8 Analysis of the results obtained by PEAKS using the animal toxin database. The raw data obtained by high resolution nano-LC-ESI-MS/MS of venoms
extracted from ground-dwelling (orange) and arboreal ants (blue) were uploaded in PEAKS 7. Most of the tags obtained after the automated de novo
sequencing did not show any match against the database used (pie charts). The common peptides identified, shown on histogram graph, were mainly
from ponericin family (bar graph). The bar graph shows the abundance of the matched peptides for each condition. Just matched peptides that were
common for both conditions are shown

scorpions, spiders and some hymenopterans. Such vari- inversa ants. These peptides adopt amphipathic struc-
ability is often related to geographic distribution, age, tures and have shown hemolytic, antibacterial (both
gender and diet [9, 29, 30]. For some species, such as  gram-positive and gram-negative), antifungal and in-
snakes, to elucidate intraspecific venom variation is of  secticidal activity [8]. These activities are important to
the utmost importance to understand the envenoming  prevent the spread of microbial pathogens inside the col-
process and produce more efficient antivenom [31]. ony (by means of infected food, for instance) and to sub-
Concerning species with less medical importance, the due prey, as these ants can feed on small insects [5, 8].
exploration of these variations represents a golden key  Since its presence has been identified in all conditions of
to unveil novel bioactive compounds and may shed light  the studied venoms, it is suggested that these peptides
on venom evolution. are fundamental for the survival of ants and the colony.
The raw data from these four peptidomes were en- A very interesting fact on the analyses caught our eyes:
tered into the PEAKS software for database search and the presence of not only the complete peptide corre-
automated de novo sequencing. The results obtained in-  sponding to a ponericin subtype, but also smaller frag-
dicate that some of the common peptides for the four ments of the same antimicrobial peptide (Table 1). This
investigated situations correspond to ponericins (Figs. 4  observation occurred not only in the ponericins W5, as
and 8). The ponericins are a group of 27 peptides iso-  Table 1 illustrates, but also in other ponericins present in
lated from the venom of N. goeldi, N. apicalis and N.  the venom. This phenomenon may indicate: degradation
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Table 1 Full sequence of ponericin W5 (P82427) and its fragments. The full peptide corresponding to ponericin W5 and its
fragments were identified in the venom of N. villosa. Isoforms of the full peptide and its fragments were also identified

Sequence Condition Mw (Da) Peptide processing/Mutations
FWGALIKGAAKLIPSWGLFKKKQ Ponericin W5 259857 -
FWGALIKGAAKLIPSWGLFKKKQ Nv1; Nv2; Nv3; Nv4 259857 -
FWGALIKGAAKLIPSWGLFKKK NVT;Nv3; Nv4 2470.51 Carboxypeptidase
FWGALIKGAAKLIPSWGLFKK Nv1 234242 Carboxypeptidase
FWGALIKGAAKLIPSWGLF Nv4 2086.23 Carboxypeptidase
FWGALIKGAAKLIPSWGL Nv2;Nv4 1939.16 Carboxypeptidase
FWGALIKGAAKLIPSWG NvT; Nv3; Nv4 1826.08 Carboxypeptidase
FWGALIKGAAKLIPSW Nv1 1769.06 Carboxypeptidase
ALIKGAAKLIPSWGLFKK Nv4 1952.25 Endopeptidase
ALIKGAAKLIPSWGLF Nv1 1696.06 Endopeptidase
ALIKGAAKLIPSWG Nv4 154899 Endopeptidase
GAAKLIPSWGLFKK Nv1 1526.95 Endopeptidase
GAAKLIPSWGLF Nv4 1270.76 Endopeptidase
AAKLIPSWGLF Nv1; 1213.74 Endopeptidase
IPSWGLFKK Nv4 1342.83 Endopeptidase
PSWGLFKKK Nv3; 1101.69 Endopeptidase
IPSWGLFK Nv4 958.58 Endopeptidase
WGALIKGAAKLIPSWGLFKKKQ Nv1; 245150 Aminopeptidase
GALIKGAAKLIPSWGLFKKKQ Nv4 226542 Aminopeptidase
ALIKGAAKLIPSWGLFKKKQ Nv1;Nv4 220840 Aminopeptidase
IKGAAKLIPSVWGLFKKKQ Nv1; Nv4 2024.28 Aminopeptidase
GAAKLIPSWGLFKKKQ Nv1; Nv2;Nv4 1783.10 Aminopeptidase
AAKLIPSWGLFKKKQ NvT;Nv2; Nv4 1726.08 Aminopeptidase
PSWGLFKKKQ Nv1; Nv2; Nv4 1229.74 Aminopeptidase
FWGALIKGAAKLIPSWGMFKKKQ Nv1; Nv3; Nv4 2616.53 (LeuT9Met)
FWGALIKGAAKLIPSWGM Nv3 1957.12 (LeuT9Met)/carboxypeptidase
GALIKGAAKLIPSWGMFKKKQ Nv3 2283.38 (Leu19Met)/aminopeptidase
ALIKGAAKLIPSWGMFKKKQ Nv3 2226.36 (Leu19Met)/aminopeptidase
ALIKGAAKLIPSWGM Nv3 1566.95 (Leu19Met)/endopeptidase
GAAKLIPSVWGMFKKKQ NvT;Nv3 1801.06 (Leu19Met)/endopeptidase
FW*GALIKGAAKLIPSWGLFKKKQ Nv2; Nv4 261457 *Oxidation
FW*GALIKGAAKLIPSWGL Nv2 1955.16 *Oxidation/carboxypeptidase
FW GALIKGAAK Nv3 1176.66 *Oxidation/carboxypeptidase

Nv1: winter; Nv2: summer; Nv3 ground-dwelling ants; Nv4: arboreal ants

Bold letter indicates a mutation
* Indicates an oxidation

of the samples, or that this class of antimicrobial peptides
might undergo enzymatic cleavages. This peptide process-
ing seems to occur at both extremities of the peptide, sug-
gesting the action of carboxypeptidases, aminopeptidases
and/or endopeptidases (Table 1). This extensive proteoly-
sis was observed only in ponericins and not in the other
peptides identified in our work, suggesting an enzymatic
preference to this peptide subfamily. In this way, it appears
to be implausible that the peptide proteolysis observed is

caused by sample degradation but it is, indeed, the result
of post-translational modifications.

Toxin proteolysis was previously described and was re-
lated to the increase of the structural and molecular di-
versity of the venom protein repertoire [32]. Thus, with
a single gene product cleaved in different positions, sev-
eral other peptides with different targets and modes of
action are produced, therefore generating an immense
molecular repertoire with low energy costs [32].
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Considering this molecular diversity enrichment of the
venom composition by proteolysis, the quantitative and
qualitative differences observed among the conditions
compared could be related to the presence of several
and diverse peptide fragments, yet belonging to the same
venom peptide subfamily. In other words, each venom
condition may present a similar global venom compos-
ition with the presence of the same peptide subfamilies
(i.e. ponericins W5, as shown in Table 1), but differential
fragmentation of those peptides produce a particular di-
versity. In addition, isoforms of the full peptide and its
fragments were also detected. As shown in Table 1, a
mutation (Leul9Met) of a ponericin W5 was identified
both on the full peptide and its fragments. The mutation
was found in more than one venom condition (Table 1)
and highlights the chemical diversity that these bio-
libraries may hold.

In addition to ponericins, we have identified the presence
of peptides related to protopolybiakin-I, pandinin-2, dino-
poneratoxin Da2501 and protonectin. Protopolybiakinin-I
was isolated from Protopolybia exigua, a social wasp, and it
was described to cause constriction of isolated rat ileum
muscles and degranulation of mast cells. This peptide also
causes analgesic effects due to the direct activation of B2-
receptors [33]. The peptide pandinin-2, identified from the
venom of the scorpion Pandinus imperator, disrupts cell
membranes through formation of pores. This peptide has
strong antimicrobial activity against gram-positive bacteria
and increases the efficacy of antibiotics when tested against
E. coli, by facilitating their penetration into the bacteria.
The peptide still holds antifungal and hemolytic activity
[34]. Dinoponeratoxins were described by Johnson et al.
[35] who related these peptides to antimicrobial ones. In
fact, dinoponeratoxin Da2501 was described as a full
sequence that was fragmented to a smaller peptide (dino-
poneratoxin Da 1585). The small fragment shares hom-
ology with antimicrobial peptides found in frogs while the
full fragment (Da 2501) shares homology with ponericins
[35]. Protonectin was first isolated from the venom of the
social wasp Protonectarina sylveirae and later identified in
other wasp species. This peptide exhibits a potent anti-
microbial activity, including against multidrug-resistant
strains [36]. All these identified sequences were related to
antimicrobial peptides, reinforcing the idea that the venom
of this ant is a rich source of such biocompounds.

Conclusions

The present study comprises the first peptidomic investi-
gation and comparison of the venom from the neotropical
ant Neoponera villosa. It was demonstrated that substan-
tial differences exist among the venoms of N. villosa ants
extracted in different seasons and from different nest habi-
tats. The venom composition is affected by climate changes
that influence prey availability and predator presence. Part
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of the peptides matched to ponericins, a well-known
antimicrobial peptide family. Additionally, small pep-
tides fragments related to ponericins were also identi-
fied, suggesting that this class of antimicrobial peptide
might undergo enzymatic cleavages. The presence of
those fragments may increase the molecular diversity
of the venom. Besides those ponericins, most of the pep-
tides did not have any match to other peptides present on
the searched databases indicating that this venom is a
treasure trove of novel biocompounds. Definitely, this
peptidomic-based research revealed that ant venom is a
complex cocktail of bioactive compounds and a rich
source of antimicrobial peptides.
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