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S h o rt titl e : G e n o m e of t h e br o o d p ar asitic b e e H. c alli o psi di s



Tre v or J. L.  Sless ,1 , J e re my B.  S e arle ,1  B ry a n N.  D a nf ort h 2 A Q 1 A Q 2



1 D e p art m e nt of E c ol o g y a n d E v ol uti o n ar y Bi ol o g y, C or n ell U ni v ersit y , It h a c a, N Y 1 4 8 5 3, U S A
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

M.- A.  Féli x  C o m mu nic ati ng e dit or:

* C orr es p o n di n g a ut h or: D e p art m e nt of E c ol o g y a n d E v ol uti o n ar y Bi ol o g y, C or n ell U ni v ersit y, It h a c a, N Y

1 4 8 5 3, U S A. E m ail: tjs 3 2 8 @c or n ell. e d uA Q 3

A bstr act

Br o o d p ar asit es r e pr es e nt a s u bst a ntial b ut oft e n p o orl y st u die d fr a cti o n of t h e wi d er di v ersit y of b e es.

Br o o d p ar asitic b e es c o m plet e t h eir lif e c y cles b y i nfiltr ati n g t h e n ests of s olit ar y h ost b e es t h er e b y e n a bli n g

t h eir offs pri n g t o e x pl oit t h e f o o d pr o visi o ns i nt e n d e d f or t h e h ost’s offs pri n g. H er e, w e pr es e nt t h e dr aft

ass e m bl y of t h e b e e H ol c o p asit es c alli o psi di s , t h e first br o o d p ar asitic s p e cies t o b e t h e s u bj e ct of d et aile d

ge n o mic a n al ysis. C o nsist e nt wit h pr e vi o us fi n di n gs o n t h e ge n o mic si g n at ur es of p ar asitis m m or e br o a dl y,

w e fi n d t h at H. c alli o psi di s  h as t h e s m allest ge n o m e c urr e ntl y k n o w n a m o n g b e es ( 1 7 9 M b). T his s m all

ge n o m e d o es n ot a p p e ar t o b e t h e r es ult of p ur gi n g of r e p etiti v e D N A, wit h s o m e i n dic ati o ns of n o v el

r e p etiti v e ele m e nts w hic h m a y s h o w si g ns of r e c e nt e x p a nsi o n. N or d o es H. c alli o psi di s  d e m o nstr at e a n y

a p p ar e nt n et l oss of ge nic c o nt e nt i n c o m p aris o n wit h n o n p ar asitic s p e cies, t h o u g h m a n y i n di vi d u al ge n e

f a milies d o s h o w si g nific a nt c o ntr a cti o ns. Alt h o u g h t h e b asis of t h e s m all ge n o m e siz e of t his s p e cies

r e m ai ns u n cle ar, t h e i d e ntific ati o n of o v er 1 2, 0 0 0 p ut ati v e ge n es — wit h f u n cti o n al a n n ot ati o n f or n e arl y

1 0, 0 0 0 of t h es e —is a n i m p ort a nt st e p i n i n v esti gati n g t h e ge n o mic b asis of br o o d p ar asitis m a n d pr o vi d es a

v al u a ble d at as et t o b e c o m p ar e d a gai nst n e w ge n o m es t h at r e m ai n t o b e s e q u e n c e d. A Q 4
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
K e y w or ds
H ol c o p asit es c alli o psi di s ; br o o d p ar asit e ; b e es ; H y m e n o pt er a ; ge n o m e siz e ; ge n e f a mil y e v ol uti o n

I ntr o d ucti o n

A Q 5 T h o u g h b e es ar e p artic ularl y w ell- k n o w n  f or e us o cialit y, t his w a y of lif e is i n f a ct o nl y s e e n i n a b o ut

1 0 % of b e e s p e cies ( D a nf ort h e t al.  2 0 1 9). N o ns o cial b e es d e m o nstr at e a wi d e r a n ge of b e h a vi or al

str at e gies i n cl u di n g s p e cializ e d pla nt ass o ciati o ns, di v ers e n esti n g str at e gies, a n d t h e p ar asitic e x pl oit ati o n of

ot h er b e es. Wit h o v er 2, 7 0 0 s p e cies, b e es i n cl u d e a hi g h er pr o p orti o n of br o o d p ar asit es t h a n a n y a ni m al

t a x o n of c o m p ar a ble siz e ( Sless et al. , i n r e vie w). Yet d es pit e t his pr e v ale n c e, br o o d p ar asitic s p e cies h a v e

r e c ei v e d r elati v el y little att e nti o n, i n cl u di n g i n t h e fiel d of ge n o mics. W hile s o m e 7 0 b e e s p e cies n o w h a v e

p u blicl y a v aila ble ge n o m es t hr o u g h G e n B a n k, n e arl y t hr e e- q u art ers of t h es e r e pr es e nt s o cial s p e cies (S a y er

s et al.  2 0 2 0). C urr e ntl y, 1 br o o d p ar asit e (N o m a d a f a bri ci a n a ) h as b e e n s e q u e n c e d (Wellc o m e S a n ger I ns

tit ut e 2 0 2 1), h o w e v er, t his ge n o m e is u n a n n ot at e d a n d h as n ot b e e n t h e s u bj e ct of f urt h er a n al ysis.

Br o a d s hifts i n ge n o mic or ga niz ati o n a n d ar c hit e ct ur e h a v e b e e n dis c o v er e d t h at c a n b e ass o ciat e d wit h t h e

e v ol uti o n of s o cialit y ( K a p h ei m et al.  2 0 1 5; S h ell et al.  2 0 2 1) a n d s o cial p ar asitis m (S c hr a d er et al.  2 0 2 1)

i n ot h er gr o u ps of h y m e n o pt er a ns, a n d t h e e v ol uti o n of br o o d p ar asitis m si milarl y i n v ol v es p h e n ot y pic a n d

b e h a vi or al s hifts w hic h m ust h a v e a ge n o mic b asis. S o m e ge n er al p att er ns i n ge n o mic e v ol uti o n h a v e b e e n

i d e ntifie d a m o n g p ar asitic a ni m als m or e ge n er all y (r e vie w e d b y P o uli n a n d R a n d h a w a 2 0 1 5 ). O n e of t h e

cle ar est of t h es e is a tr e n d t o w ar d r e d u c e d ge n o m e siz e i n p ar asitic s p e cies, w hic h h as als o b e e n n ot e d f or

ot h er p ar asitic h y m e n o pt er a ns ( Ar dila- G ar cia e t al.  2 0 1 0; S u n d b er g a n d P ul k ki n e n 2 0 1 5 ). T h e t y pic al

e x pla n ati o n f or t his p att er n i n v ol v es r ela xe d s ele cti o n o n p arts of t h e ge n o m e n e c ess ar y f or s ur vi v al i n a

fr e e-li vi n g or ga nis m, b ut w hic h m a y b e eff e cti v el y “ off-l o a d e d ” b y a p ar asit e t o its h ost. W hile t his m a y

i n v ol v e t h e l oss of m et a b olic or d e v el o p m e nt al ge n es i n e n d o p ar asit es t h at s p e n d t h eir e ntir e li v es wit hi n a

h ost, p ar asitic H y m e n o pt er a (i n cl u di n g br o o d p ar asit es) r et ai n a fr e e-li vi n g a d ult st a ge wit h o ut l oss es i n

b asic f u n cti o n alit y. D es pit e t his diff eri n g d y n a mic, br o o d p ar asit es m a y b e t h o u g ht of as off-l o a di n g

b e h a vi or al  r es p o nsi bilities r at h er t h a n m et a b olic attri b ut es (i n t h e f or m of p ar e nt al c ar e t hr o u g h n est

b uil di n g a n d f o o d pr o visi o ni n g) t o t h e h ost or ga nis ms o n w hic h t h e y r el y f or s ur vi v al. T h e q u esti o n t h e n

f oll o ws: d o br o o d p ar asitic b e es s h o w si milar p att er ns of br o a d-s c ale  ge n o mic e v ol uti o n t o ot h er p ar asit es ?

T h e ge n us H ol c o p asit es  is a m e m b er of t h e ol d est a n d m ost di v ers e gr o u p of br o o d p ar asitic b e es, t h e

s u bf a mil y N o m a di n a e ( A pi d a e) a n d t h e o nl y N e ar ctic r e pr es e nt ati v e of t h e tri b e A m m o b at oi di ni. T h e

pr e d o mi n a nt s p e cies i n n ort h e ast er n N ort h A m eric a, H ol c o p asit es  c alli o psi di s , is a s p e cialist p ar asit e of

t h e s olit ar y mi ni n g b e e C alli o psi s a n dre nif or mi s . T h o u g h t h e st u d y of t his si n gle s p e cies pr es e nts a li mit e d

o p p ort u nit y f or i nf er e n c es a b o ut t h e e v ol uti o n ar y si g n at ur es of br o o d p ar asitis m o n i ns e ct ge n o m es m or e

ge n er all y, it r e pr es e nts a n i m p ort a nt st arti n g p oi nt t h at c a n s er v e as t h e b asis f or f urt h er c o m p ar ati v e st u d y

as m or e ge n o m es b e c o m e a v aila ble. T h er ef or e, w e h er e pr o vi d e br o a d-s c ale  c h ar a ct eriz ati o n of t h e ge n o m e

of H. c alli o psi di s .
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S pe ci me n c olle cti o n a n d D N A e xt r acti o n

I n di vi d u als of H.  c alli o psi di s  w er e o bt ai n e d i n J u n e of 2 0 2 0 fr o m t h e Li m e H oll o w N at ur e C e nt er i n

C ortla n d, N e w Yor k, U S A ( 4 2. 5 7° N, 7 6. 2 5° W). S p e ci m e ns w er e c olle ct e d b y h a n d- n etti n g,  flas h-fr o z e n i n

li q ui d nitr o ge n, a n d s e xe d wit h t h e assist a n c e of a diss e cti n g micr os c o p e b ef or e st ori n g at − 8 0° C. O nl y m ale

s p e ci m e ns w er e us e d f or s u bs e q u e nt st e ps, d u e t o t h e b e n efit of t h eir h a pl oi d ge n o m es. Hi g h- m ole c ular

w ei g ht D N A e xtr a cti o ns w er e c o n d u ct e d usi n g a Qia ge n 2 0/ G ge n o mic ti p kit ( c at al o g # 1 0 2 2 3) a n d

ass o ciat e d b uff ers ( c at al o g # 1 9 0 6 0). T h e pr ot o c ol us e d f oll o w e d t h at r e c o m m e n d e d b y Qia ge n’s G e n o mic

D N A H a n d b o o k ( a c c ess e d Dece mber 4t h, 2 0 2 0 fr o m htt ps:// w w w. qia ge n. c o m/ us/ r es o ur c es/r es o ur c e d et ail?

i d =d 2 b 8 5 b 2 6- 1 6 d d- 4 2 5 9- a 3 a 7- a 0 8 c b d 2 a 0 8 a 3 & la n g =e n ). A Q 6  Briefl y, w h ole s p e ci m e ns w er e m e c h a nic all y

h o m o ge niz e d usi n g a st erile p estle b ef or e b ei n g tr e at e d wit h R N as e A ( N E B c at al o g # T 3 0 1 8 L) a n d

pr ot ei n as e K f or 2 h. T h e r es ulti n g l ys at e w as a d d e d t o t h e e q uili br at e d ge n o mic ti p c ol u m ns, w as h e d 3

ti m es, a n d el ut e d. T h e el ut e d ge n o mic D N A w as t h e n w as h e d o n e m or e ti m e wit h 7 0 % et h a n ol b ef or e fi n al

r es us p e nsi o n i n T E b uff er. S a m ples w er e t h e n ass a y e d f or q u alit y a n d D N A c o n c e ntr ati o n usi n g a Q u bit 4

fl u ori m et er.

S e q ue nci ng a n d ass e m bl y

F o ur s a m ples w er e s e nt t o t h e U ni v ersit y of M ar yla n d’s I nstit ut e f or G e n o m e S cie n c es f or s e q u e n ci n g.

T h es e w er e pr o c ess e d usi n g P a cific Bi os cie n c es’ l o w-i n p ut li br ar y pr e p ar ati o n a n d a n al y z e d f or D N A

q u alit y a n d siz e distri b uti o n. T h e hi g h est- q u alit y  s a m ple w as t h e n s e q u e n c e d wit h a 3 0- h r u n o n a S e q u el II

8 M S M R T C ell i n C C S/ Hi Fi m o d e. R a w d at a, s u br e a ds, a n d cir c ular c o ns e ns us s e q u e n c es w er e

s u bs e q u e ntl y r e c ei v e d fr o m t h e s e q u e n ci n g f a cilit y. T h e H. c alli o psi di s  ge n o m e w as ass e m ble d fr o m t h e

C C S r e a ds d es cri b e d a b o v e usi n g S P A d es v 3. 1 4. 0 ( B a n k e vic h et al.  2 0 1 2) i n “ ass e m bler o nl y ” m o d e. T h e

r es ulti n g ass e m bl y w as a n al y z e d f or c o m plet e n ess a n d q u alit y usi n g Q U A S T v 5. 0. 2 (G ur e vic h et al.  2 0 1 3)

a n d B U S C O v 5. 0. 0 ( S e p p e y et al.  2 0 1 9).

Re petiti ve ele me nt i de ntific ati o n

T h e ge n o m e w as s e ar c h e d f or r e p etiti v e c o nt e nt usi n g 2 p ass es of t h e pr o gr a m R e p e at M as k er v 4. 1. 0 ( S mit

et al.  2 0 1 3 – 2 0 1 5) i n s oft m as ki n g m o d e. A n i nitial r u n w as c o n d u ct e d usi n g a c a n o nic al r e p e at li br ar y fr o m

R e p B as e, D F a m 5. 0 ( St or er et al.  2 0 2 1). T h e r es ult w as t h e n p ass e d i nt o a s e c o n d r u n of R e p e at M as k er

wit h a c ust o m, s p e cies-s p e cific r e p e at li br ar y ge n er at e d usi n g R e p e at M o d eler v 2. 0. 1 (Fl y n n et al.  2 0 2 0).

G e ne a n not ati o n

T h e r e p e at- m as k e d ge n o m e w as a n n ot at e d usi n g B R A K E R v 2. 1. 5 (Br ů n a et al.  2 0 2 1) i n “ E P ” m o d e,

al o n g wit h a d at a b as e of ort h ol o g o us art hr o p o d pr ot ei n s e q u e n c es o bt ai n e d fr o m e ns e m bl. or g ( H o w e et al.  

2 0 2 1 ). A n n ot ati o n files fr o m diff er e nt li n es of e vi d e n c e wit hi n t h e B R A K E R 2 pi p eli n e ( A u g ust us a n d

G e n e M ar k) w er e c o m bi n e d usi n g E Vi d e n c e M o d eler v 1. 1. 1 ( H a a s e t al.  2 0 0 8) t o ge n er at e a fi n al
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a n n ot ati o n file. Tr a ns cri pts a n d pr ot ei n s e q u e n c es w er e t h e n e xtr a ct e d fr o m t h e ge n o m e wit h t h e s oft w ar e

Gff R e a d ( P ert e a a n d P ert e a 2 0 2 0 ) usi n g t his a n n ot ati o n file as a g ui d e.

O rt hol o g det e cti o n

Pr ot e o m es fr o m 1 3 ot h er h y m e n o pt er a n s p e cies ( H a br o p o d a l a b ori os a , A pi s m ellif er a , B o m b us

i m p ati e ns, C er ati n a c al c ar at a , Os mi a bi c or ni s , M e g a c hil e r ot u n d at a , M e g al o pt a g e n ali s , N o mi a

m el a n d eri , C a m p o n ot us fl ori d a n us , P oli st es d o mi n ul a , C h el o n us i ns ul ari s , N as o ni a vitri p e n ni s , a n d

At h ali a r os a e ), wit h Dr os o p hil a m el a n o g ast er  as a n o ut gr o u p, w er e o bt ai n e d fr o m G e n B a n k f or

c o m p aris o n wit h n e wl y a n n ot at e d pr ot ei n s e q u e n c es fr o m t h e H. c alli o psi di s  ge n o m e. T h e s oft w ar e

Ort h o Fi n d er v 2. 5. 4 ( E m ms a n d K ell y 2 0 1 9 ) w as us e d t o i d e ntif y ort h o gr o u ps a m o n g t h es e pr ot ei n

s e q u e n c es, r u n ni n g wit h d ef a ult s etti n gs a n d usi n g DI A M O N D ( B u c hfi n k e t al.  2 0 1 5) f or s e q u e n c e

c o m p aris o ns.

G e ne f a mil y e v ol uti o n

E x p a nsi o n a n d c o ntr a cti o n of ge n e f a milies w as a n al y z e d wit h C A F E v 4. 2. 1 ( H a n et al.  2 0 1 3) usi n g t h e

ort h o gr o u ps d et e ct e d b y Ort h o Fi n d er as t h e i n p ut d at as et. T h e i nitial s p e cies tr e e pr o d u c e d b y Ort h o Fi n d er

di d n ot pr o d u c e t h e c orr e ct t o p ol o g y i n c o m p aris o n wit h est a blis h e d p h yl o ge nies a n d c a n n ot pr o d u c e a n

ultr a m etric tr e e w h e n pr o vi d e d wit h a pr es et t o p ol o g y. As a r es ult, t h e ti m e- c ali br at e d tr e e r e q uir e d b y

C A F E w as ge n er at e d m a n u all y usi n g di v er ge n c e ti m e esti m at es fr o m a pr e vi o us p h yl o ge n o mic st u d y ( P et er

s et al.  2 0 1 7).

F u ncti o nal a nal ysis

I nitial ge n e o nt ol o g y a n n ot ati o ns w er e c o n d u ct e d wit h b ot h I nt er Pr o S c a n v 5. 5 1- 8 5. 0  (J o n es et al.  2 0 1 4)

a n d DI A M O N D v 2. 0. 9 ( B u c hfi n k et al.  2 0 1 5) usi n g t h e U nir ef 9 0 r ef er e n c e d at as et. T h e r es ulti n g . x ml

files fr o m b ot h pr o gr a ms w er e p ass e d o n t o Blast 2 G O v 1. 5. 1 (G öt z et al.  2 0 0 8). F u n cti o n al e nric h m e nt

a n al ys es w er e c o n d u ct e d i n C yt os c a p e ( S h a n n o n et al.  2 0 0 3) usi n g t h e Bi N G O a p plic ati o n v 3. 0. 4 (M a er e 

et al.  2 0 0 5) wit h a c ust o m a n n ot ati o n file m o difie d fr o m t h e Blast 2 G O o ut p ut.

Res ults

G e no me ass e m bl y

T h e fi n al ge n o m e ass e m bl y aft er r u n ni n g S P A d es o n t h e cir c ular c o ns e ns us s e q u e n ci n g d at a i n cl u d e d 5, 6 2 7

c o nti gs, wit h 4 9 1 > 1 k b i n le n gt h ( Fi g. 1 ). T his r es ult e d i n a t ot al ass e m bl y siz e of j ust o v er 1 7 9 M b,

c orr es p o n di n g t o a n e x p e ct e d C - v al u e of 0. 1 8 3 p g. T h o u g h t h e esti m at e d c o v er a ge of 4 7 × w as l o w er t h a n

s o m e ot h er r e c e nt ass e m blies, t h e N 5 0 v al u e of n e arl y 4. 8 M b c o m p ar es f a v or a bl y ( Ta ble 1 ). T h e L 5 0

v al u e of 1 4 i n dic at es t h at t h e lar gest s e v er al c o nti gs li k el y r e pr es e nt e ntir e c hr o m os o m es or m aj or s e cti o ns

t h er e of, h o w e v er t h e e xa ct c hr o m os o m e c o u nt a n d str u ct ur e c a n n ot b e a c c ur at el y d et er mi n e d fr o m t h e
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ass e m bl y. T h e c o nsi d er a ble n u m b er of e xtr e m el y s m all s c aff ol ds c a n b e eff e cti v el y i g n or e d, as t h e s m allest

5, 1 8 8 of t h es e ( < 1 k b) c o nt ai n j ust 0. 5 6 % of t h e o v er all ass e m bl y d es pit e m a ki n g u p 9 2. 2 % of all s c aff ol ds.

T his ge n o m e ass e m bl y a p p e ars t o b e lar gel y c o m plet e, wit h 9 7 % of t h e 5, 9 9 1 hi g hl y c o ns er v e d si n gle- c o p y

ort h ol o gs i n B U S C O’s H y m e n o pt er a d at as et i d e ntifie d (t h e r e m ai n d er c o m prisi n g 0. 3 % d u plic at e d

ort h ol o gs, 0. 6 % fr a g m e nt e d, a n d 2. 1 % n ot d et e ct e d). It is als o n ot e w ort h y t h at t h e ge n o m e of H.

c alli o psi di s  h as o n e of t h e hi g h est p er c e nt a ges of G C c o nt e nt of a n y k n o w n b e e at a p pr o xi m at el y 4 2. 5 %.

N ot e:  T h e t a ble la y o ut dis pla y e d i n ‘ E dit’ vie w is n ot h o w it will a p p e ar i n t h e pri nt e d/ p df v ersi o n. T his

ht ml dis pla y is t o e n a ble c o nt e nt c orr e cti o ns t o t h e t a ble. Ple as e clic k h er e t o vie w t a ble la y o ut .

Ta bl e 1.  C o m p a ris o n of ass e m bl y st atisti cs f o r H. c alli o psi dis  a n d re c e nt ass e m bli es f r o m a

Fi g. 1.  “ N x pl ot ” ge n er at e d b y Q U A S T (G ur e vic h e t al.  2 0 1 3) s h o wi n g c o nti gs r a n k e d b y siz e vs

c u m ulati v e ass e m bl y c o m plet e n ess. N 5 0 a n d L 5 0 v al u es ( mi ni m u m c o nti g siz e a n d mi ni m u m n u m b er of

c o nti gs c o nt ai ni n g 5 0 % of t h e ass e m bl y, r es p e cti v el y) f or t h e H. c alli o psi di s  ge n o m e ar e i n dic at e d b y

h oriz o nt al a n d v ertic al d as h e d li n es.  
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Re petiti ve c o nt e nt

T h e i nitial r u n of R e p e at M as k er usi n g t h e Df a m c a n o nic al r e p e at li br ar y i d e ntifie d a r elati v el y s m all

pr o p orti o n of r e p etiti v e s e q u e n c es i n t h e H. c alli o psi di s  ge n o m e. L ess t h a n 1 % of t h e ass e m bl y is

c o m p os e d of k n o w n n o ni nt ers p ers e d ele m e nts i n cl u di n g s at ellit e s e q u e n c es a n d s h ort si m ple r e p e ats

( S S Rs), i n c o ntr ast t o ~ 4 % i n t h e ge n o m e of t h e West er n h o n e y b e e, A.  m ellif er a . Si milarl y, H.

c alli o psi di s  h as pr o p orti o n at el y a b o ut h alf as m a n y c a n o nic al r etr o ele m e nts t h a n A. m ellif er a  ( 2. 1 2 % vs

4. 1 8 %), t h o u g h sli g htl y m or e D N A tr a ns p os o ns i n dir e ct c o m p aris o n ( 1. 7 9 % vs 0. 5 7 %). H o w e v er, t h e

s e c o n d r u n usi n g a s p e cies-s p e cific li br ar y pr o d u c e d b y R e p e at M o d eler i d e ntifie d a siz e a ble pr o p orti o n of

t h e H. c alli o psi di s  ge n o m e as “ u n classifie d ” r e p e ats n ot y et r e pr es e nt e d i n a n y d at a b as e of r e p etiti v e

s e q u e n c es, c o m prisi n g a t ot al of n e arl y 1 4 % of t h e ass e m bl y. T h es e u n classifie d r e p etiti v e ele m e nts

s p e cific all y i n cl u d e d a t ot al of 6 9 8 disti n ct f a milies wit h a n a v er a ge siz e of 2 0 0. 9 b p a n d a v er a ge of 1 5 4. 6

c o pies m as k e d t hr o u g h o ut t h e ge n o m e.

G e ne a n not ati o n

T h e B R A K E R 2 pi p eli n e i d e ntifie d 1 3, 0 2 8 p ut ati v e pr ot ei n s e q u e n c es d eri v e d fr o m 1 2, 3 6 4 pr e dict e d ge n es

t hr o u g h o ut t h e H. c alli o psi di s  ge n o m e. O v er all, t his is si milar t o t h e n u m b er of ge n es r e p ort e d fr o m m ost

ot h er b e e s p e cies. T h o u g h e xa ct i d e ntit y of t h es e ge n es is oft e n n ot p ossi ble t o as c ert ai n, t h e o v er all n u m b er
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a n d d e nsit y i n dic at es n o n et l oss of ge n es i n t h e H. c alli o psi di s  ge n o m e i n c o ntr ast t o n o n p ar asitic b e es.

A d diti o n all y, t h e a v er a ge n u m b er a n d le n gt h of i ntr o ns is si milar b et w e e n H. c alli o psi di s  a n d ot h er s p e cies.

F or e xa m ple, H. c alli o psi di s  a v er a ges 5. 3 4 i ntr o ns of 5 2 4. 3 b p e a c h p er tr a ns cri pt, w hile t h e c o m p ar a ble

fi g ur es f or t h e ge n o m e of C oll et es gi g as  a v er a ge 4. 9 9 i ntr o ns of 6 6 5 b p e a c h (Z h o u et al.  2 0 2 0), r es ulti n g

i n c o m p ar a ble pr o p orti o ns of i ntr o nic c o nt e nt ( 6 2 % a n d 6 7 % of o v er all ge nic c o nt e nt, r es p e cti v el y).

O rt hol o g y det e cti o n

Ort h o Fi n d er i d e ntifie d a t ot al of 2 1, 8 7 2 ort h o gr o u ps a cr oss t h e pr ot e o m es of t h e i n cl u d e d s p e cies ( 1 4

h y m e n o pt er a ns + D.  m el a n o g ast er ), w hic h t o get h er a c c o u nt e d f or 9 7. 5 % of all ge n es. T h e m e a n n u m b er

of ge n es p er ort h o gr o u p w as 1 5. 4 ( m e dia n = 7), a n d a t ot al of 4, 2 9 8 ort h o gr o u ps c o nt ai n e d ge n es fr o m

e v er y i n cl u d e d s p e cies ( of w hic h 1 0 1 w er e si n gle- c o p y ort h o gr o u ps). A t ot al of 1 0, 9 1 3 p ut ati v e ge n es fr o m

t h e H. c alli o psi di s  ge n o m e w er e pla c e d i nt o e xa ctl y 9, 7 0 0 ort h o gr o u ps w hic h w er e c o ns er v e d at a r a n ge of

p h yl o ge n etic s c ales ( Fi g. 3 ). Alt h o u g h t his is si milar t o t h e a v er a ge n u m b er of ort h o gr o u ps f or all s p e cies

( m e a n = 9, 9 1 0. 4 7), H. c alli o psi di s  h a d a n otic e a bl y hi g h er fr a cti o n of ge n es w hic h c o ul d n ot b e assi g n e d t o

a n y ort h o gr o u p ( 1 6. 2 %) t h a n ot h er s p e cies.

Fi g. 3.  P h yl o ge n y of H. c alli o psi di s  a n d 1 4 a d diti o n al s p e cies us e d i n ort h ol o g y a n al ysis. B o xes at n o d es

i n dic at e t h e n u m b er of ort h o gr o u ps c o nt ai ni n g at le ast 1 H. c alli o psi di s  ge n e ( 9, 7 0 0 i n t ot al) w hic h w er e

p h yl o ge n etic all y c o ns er v e d at t h e le v el of t h e i n dic at e d cla d e. T h e b o x at t h e ti p of t h e H. c alli o psi di s

br a n c h i n dic at es ort h o gr o u ps n ot f o u n d i n a n y ot h er s p e cies. Br a n c h le n gt hs ar e t o s c ale, wit h a p pr o xi m at e

di v er ge n c e ti m es t a k e n fr o m P et ers et al.  ( 2 0 1 7).  
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A t ot al of 1 0 8 ort h o gr o u ps c o nt ai ni n g 3 9 3 ge n es w er e i d e ntifie d t h at a p p e ar t o b e u ni q u e t o t h e H.

c alli o psi di s  ge n o m e — h e n c ef ort h r ef err e d t o as “H. c alli o psi di s -s p e cific ” ge n es. A n i m p ort a nt c a v e at of

t his t er mi n ol o g y is t h at, d u e t o t h e t a x o n o mic bias of pr ot e o m es a v aila ble f or c o m p aris o n, it is n ot p ossi ble

t o d et er mi n e w h et h er t h es e ge n es ar e tr ul y u ni q u e t o H. c alli o psi di s , or m or e br o a dl y c o ns er v e d a cr oss t h e

e ntir e ge n us H olc o p asit es, tri b e A m m o b at oi di ni, s u bf a mil y N o m a di n a e, or a n i nt er m e diat e cla d e b et w e e n

t h es e. H o w e v er, t h es e n u m b ers ar e s o m e w h at s m aller t h a n t h e o v er all m e a n of 3 9 0. 6 s p e cies-s p e cific

ort h o gr o u ps ( a n d 1, 5 7 0 s p e cies-s p e cific ge n es) a m o n g all 1 4 h y m e n o pt er a n ge n o m es, d es pit e t h e l o n ger

br a n c h le n gt h of H olc o p asit es i n c o ntr ast t o s e v er al ot h er i n cl u d e d b e es. O utsi d e of t h e N o m a di n a e, 3 2

ort h o gr o u ps w er e s h ar e d wit h t h eir cl os est sist er gr o u p ( di g ger b e es i n s u bf a mil y A nt h o p h ori n a e), 1 3 5

c o ns er v e d a cr oss t h e f a mil y A pi d a e, 2 2 9 c o ns er v e d a cr oss all b e es, a n d 2, 7 3 5 s h ar e d a cr oss all

H y m e n o pt er a. H o w e v er, t h e m aj orit y of ort h o gr o u ps c o nt ai ni n g H. c alli o psi di s  ge n es ( 5, 6 1 9) w er e

i d e ntifie d as c o ns er v e d at t h e le v el of h ol o m et a b ol o us i ns e cts (r e pr es e nt e d b y D. m el a n o g ast er ) or hi g h er.

G e ne f a mil y e v ol uti o n

T h e ort h o gr o u ps d es cri b e d a b o v e w er e f urt h er a n al y z e d wit h C A F E t o i d e ntif y n o d es i n t h e p h yl o ge n y of

t h e 1 5 i n cl u d e d s p e cies wit h si g nific a nt ge n e f a mil y e x p a nsi o ns or c o ntr a cti o ns (Fi g. 4 ). A si n gle birt h- d e at h

r at e p ar a m et er (λ  = 0. 0 0 2 5 9 0 6 7) w as esti m at e d f or t h e e ntir e tr e e. Si g nific a ntl y ele v at e d r at es of ge n e

f a mil y e v ol uti o n (f a mil y- wi d e P - v al u e < 0. 0 1) w er e d et e ct e d i n 8 3 1 ( 3. 8 0 %) of ort h o gr o u ps, wit h 2 1 2

r a pi dl y e v ol vi n g ge n e f a milies i d e ntifie d i n H. c alli o psi di s  s p e cific all y ( 1 5 e x p a nsi o ns, 1 9 7 c o ntr a cti o ns). I n

c o m p aris o n wit h t h e ot h er i n cl u d e d s p e cies, t his r e pr es e nts t h e s e c o n d-hi g h est  n u m b er of r a pi dl y e v ol vi n g

ge n e f a milies ( aft er N o mi a m el a n d eri  wit h 2 4 8), b ut b y f ar t h e m ost ge n e f a mil y c o ntr a cti o ns. I nt er esti n gl y,
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w h e n r a n k e d b y st atistic al si g nific a n c e, 9 of t h e t o p 1 0 ge n e f a milies w hic h h a v e u n d er g o n e t h e m ost r a pi d

e v ol uti o n i n H. c alli o psi di s  ar e e x p a nsi o ns r at h er t h a n c o ntr a cti o ns. Of t h es e, s e v er al f a milies i n cl u d e ge n es

wit h blast 2 G O a n n ot ati o ns s u g gesti n g i n v ol v e m e nt wit h tr a ns p os a ble or r etr o vir al ele m e nts, w hic h m a y

i n dic at e a r e c e nt or o n g oi n g s pr e a d of s u c h f e at ur es i n t h e ge n o m e.

F u ncti o nal a nal ysis

I n t ot al, I nt er Pr o S c a n a n d blast 2 G O assi g n e d o v er 6 0, 0 0 0 G O t er ms t o 9, 9 4 3 ge n es a n n ot at e d fr o m t h e H.

c alli o psi s  ge n o m e, le a vi n g a b o ut o n e- q u art er of pr e dict e d ge n es wit h o ut f u n cti o n al a n n ot ati o n. A n al ysis of

t h e distri b uti o n of le v el 3 G O t er ms i n dic at es f e w s ur prisi n g f e at ur es; v ari o us m et a b olic pr o c ess es a c c o u nt

f or t h e m ost c o m m o nl y assi g n e d bi ol o gic al pr o c ess es, a n d t h e m ost c o m m o n m ole c ular f u n cti o ns i n cl u d e d

e n z y m atic a cti vit y a n d bi n di n g of pr ot ei ns a n d ot h er c o m p o u n ds.

A Bi N G O a n al ysis of t h e 3 9 3 H ol c o p asit es -s p e cific ge n es i d e ntifie d t hr o u g h ort h ol o g y d et e cti o n c o m p ar e d

t o t h e ge n o m e as a w h ole i d e ntifie d s e v er al G O t er ms t h at a p p e ar e nric h e d f or t h es e l o ci (Fi g. 5 ). A Q 7

S e v er al of t h es e ( e. g. tr a ns p ositi o n, D N A i nt e gr ati o n, a n d v ari o us class es of e n d o n u cle as e a cti vit y) m a y i n

f a ct b e si g n at ur es of t h e lar ge fr a cti o n of t h e ge n o m e c o nt ai ni n g pr es u m e d H ol c o p asit es -s p e cific r e p etiti v e

ele m e nts as i d e ntifie d a b o v e.

Fi g. 4.  P h yl o ge n y of H. c alli o psi di s  a n d 1 4 a d diti o n al s p e cies us e d i n a n al ysis of ge n e f a mil y e v ol uti o n.

N u m b ers at n o d es a n d ti ps i n dic at e h o w m a n y r a pi dl y e v ol vi n g ge n e f a milies w er e d et e ct e d b y C A F E f or

e a c h s p e cies/li n e a ge, r es p e cti v el y. B ars f urt h er s e p ar at e r a pi dl y e v ol vi n g ge n e f a milies f or e a c h ti p i nt o

c o ntr a cti o ns (re d) or e x p a nsi o ns ( blac k) i n ge n e f a mil y siz e.A Q 1 1  
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A s e c o n d Bi N G O a n al ysis c o m p ar e d t h e e ntir e pr ot e o m es of o ur H. c alli o psi di s  ass e m bl y wit h t h os e of

H a.  l a b ori os a (t h e p h yl o ge n etic all y cl os est w ell- a n n ot at e d  ge n o m e t o H. c alli o psi di s ) as w ell as A.

m ellif er a  t o i d e ntif y t h e G O t er ms w hic h a p p e ar e nric h e d i n H. c alli o psi di s  i n c o ntr ast t o its n o n p ar asitic

r elati v es or vic e v ers a. O v er all, t his a n al ysis w as i n c o n cl usi v e. M a n y G O t er ms w er e i d e ntifie d as b ei n g

si g nific a ntl y o v er- or u n d err e pr es e nt e d i n H. c alli o psi di s  i n dir e ct c o m p aris o n t o t h e ot h er 2 s p e cies, y et i n

s o m e c as es t h es e fi n di n gs m a y b e artif a ct u al. Diff er e n c es i n t h e d e pt h of ge n e o nt ol o g y a n n ot ati o ns

a c hie v e d f or t h e 3 ge n o m es c a n r es ult i n artificial o v err e pr es e nt ati o n of G O t er ms w hic h m a y n ot a p p e ar i n

all s p e cies, b ut w hic h ar e si m pl y c hil d n o d es of ot h er w ell-r e pr es e nt e d  t er ms. F or e xa m ple, G O t er ms f or

s y nt h esis of all ess e ntial a mi n o a ci ds w er e i d e ntifie d as o v err e pr es e nt e d i n H. c alli o psi di s  o v er H a.

l a b ori os a/A. m ellif er a , t h o u g h it is diffic ult t o e x plai n t his bi ol o gic all y. S o m e t er ms ( e. g.

Fi g. 5.  S ele ct e d s e cti o ns of ge n e o nt ol o g y n et w or k s h o wi n g t er ms wit h si g nific a nt e nric h m e nt a m o n g t h e s et

of 3 9 3 H. c alli o psi di s -s p e cific ge n es c o m p ar e d t o all a n n ot at e d ge n es. C ol or gr a die nt i n dic at es d e gr e e of

st atistic al si g nific a n c e fr o m P  = 0. 0 5 ( y ell o w) t o P  = 5 × 1 0− 7  ( d ar k or a n ge).  
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n e ur o ge n esis/ n e ur o n d e v el o p m e nt, o o ge n esis) w er e u n d err e pr es e nt e d i n H. c alli o psi di s  i n w a ys w hic h

a p p e ar s u p erficiall y c o nsist e nt wit h a pri ori e x p e ct ati o ns a b o ut a d a pt ati o ns t o t h e br o o d p ar asitic lif e hist or y

str at e g y. H o w e v er, t his m ust b e c o nsi d er e d wit h t h e c a v e at t h at e nric h m e nt of c ert ai n o nt ol o g y t er ms,

w hic h m a y r e pr es e nt e x p a nsi o n of ge n es i n v ol v e d i n a gi v e n bi ol o gic al pr o c ess, is still s e p ar at e d fr o m t h e

a ct u al c o ntr ol of s u c h pr o c ess es b y s e v er al la y ers of r e g ulati o n ( e. g. tr a ns cri pti o n al r e g ulati o n, s plici n g, p ost-

tr a nslati o n al m o dific ati o ns).

Dis c ussi o n

T h e m ost stri ki n g f e at ur e of o ur br o a d-s c ale  c h ar a ct eriz ati o n of t h e H. c alli o psi di s  ge n o m e is its s m all

ge n o m e siz e, a n d c o ns e q u e ntl y w e f o c us t h e dis c ussi o n o n t his attri b ut e. H o w e v er, as t h e first br o o d

p ar asitic b e e f or w hic h a w ell- c h ar a ct eriz e d  ge n o m e h as b e e n pr o d u c e d, t h er e is m u c h w hic h r e m ai ns t o b e

le ar n e d. Br o o d p ar asitis m h as e v ol v e d at le ast 2 0 ti m es i n d e p e n d e ntl y i n b e es, wit h H. c alli o psi di s

r e pr es e nti n g t h e ol d est a n d m ost di v ers e s u c h cla d e i n t h e s u bf a mil y N o m a di n a e ( Sless et al.  i n r e vie w). I n

t his s e ns e, o ur st u d y h as o p e n e d a n e w a v e n u e of ge n o mic r es e ar c h i n r elati o n t o a w ell- k n o w n  a n d

f as ci n ati n g b e h a vi or al str at e g y. T his w or k is als o c o m ple m e nt ar y t o n as c e nt ge n o mic st u dies o n br o o d

p ar asitic bir ds (s u c h as c u c k o os a n d c o w bir ds), w hic h s h ar e a c o m m o n lif e hist or y d es pit e t h eir gr e at

p h yl o ge n etic dist a n c e fr o m b e es, a n d si milarl y i n cl u d e r e c e ntl y s e q u e n c e d ge n o m es a v aila ble t hr o u g h

G e n B a n k b ut a w aiti n g i n- d e pt h a n al ysis ( Wolf et al.  u n p u blis h e d d at a; W uit c hi k et al.  u n p u blis h e d d at a;

Z h a n g u n p u blis h e d d at a).

G e no me siz e re d ucti o n

W hile m ost b e e ge n o m es f all i nt o a f airl y c o nsist e nt r a n ge of ~ 2 5 0 – 3 5 0 M b, wit h a m e a n of 2 8 7. 0 5 M b f or

all 7 0 s p e cies wit h ge n o m es a v aila ble o n G e n B a n k, o ur ass e m bl y f or H. c alli o psi di s  is n otic e a bl y s m aller

at j ust 1 7 9 M b. M et h o d ol o gic al e x pla n ati o ns f or t his fi n di n g s e e m u nli k el y, b ut c orr o b or ati o n of t his

esti m at e wit h c yt ol o gic al t e c h ni q u es c o ul d s er v e as a n a d diti o n al li n e of e vi d e n c e. Ass u mi n g t h at t h e

a n c estr al ge n o m e siz e f or A pi d a e ( or i n d e e d f or all b e es) f alls wit hi n t h e t y pic al 2 5 0 – 3 5 0 M b r a n ge, t his

r e pr es e nts a r e d u cti o n of ~ 2 5 – 4 5 % i n H. c alli o psi di s . T h e o nl y ot h er m e m b er of N o m a di n a e wit h a

k n o w n ge n o m e siz e, N.  f a bri ci a n a, f alls o n t h e l o w er e n d of t h e “t y pic al” b e e r a n ge at 2 3 3 M b, i n dic ati n g

t h at at le ast s o m e of t his ge n o mic c o ntr a cti o n m a y b e a r e c e nt c h a n ge i n t h e a n c est ors of H. c alli o psi di s ,

r at h er t h a n a f e at ur e of all br o o d p ar asitic b e es i n t h e s u bf a mil y N o m a di n a e. Si g nific a nt c h a n ges i n ge n o m e

siz e, es p e ciall y w h e n t h e y o c c ur o v er brief ti m e p eri o ds, h a v e oft e n b e e n attri b ut e d t o t h e e x p a nsi o n or

p ur gi n g of r e p etiti v e ele m e nts ( e. g. H a n c o c k et al.  2 0 2 1). I n d e e d, s o m e b e e li n e a ges s u c h as t h e or c hi d

b e es ( E u gl ossi ni) a p p e ar t o h a v e u n d er g o n e m assi v e ge n o mic e x p a nsi o ns as a r es ult of i n cr e as e d r e p etiti v e

c o nt e nt ( Br a n d et al.  2 0 1 7). H o w e v er, t h e r e v ers e sit u ati o n i n w hic h r e p e at s e q u e n c es ar e p ur ge d fr o m t h e

ge n o m e d o es n ot a p p e ar t o b e t h e c as e i n H. c alli o psi di s , w hic h s h o ws c o m p ar a ble or e v e n hi g h er le v els of

r e p etiti v e c o nt e nt t o ot h er s p e cies as a fr a cti o n of t h e ge n o m e. T h e lar ge fr a cti o n of “ u n classifie d ” r e p etiti v e

D N A w hic h c o ul d n ot b e m at c h e d t o e xisti n g d at a b as es is li k el y d u e t o t h e f a ct t h at t his d e n o v o ge n o m e

ass e m bl y h as n o cl os e r elati v es w hic h h a v e b e e n pr e vi o usl y a n al y z e d f or r e p etiti v e c o nt e nt. A si milar
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p h e n o m e n o n h as b e e n r e p ort e d f or at le ast o n e ot h er p h yl o ge n etic all y disti n ct ge n o m e, t h at of C oll et es

gi g as , w hic h als o c o nsist e d of > 1 0 % “ u n classifie d ” r e p etiti v e ele m e nts (Z h o u et al.  2 0 2 0).

Si milarl y, t h e r e d u c e d ge n o m e siz e i n H. c alli o psi di s  d o es n ot a p p e ar t o b e a r es ult of n et l oss i n ge nic

c o nt e nt. T h o u g h m a n y ge n es f o u n d i n ot h er s p e cies di d n ot h a v e ort h ol o g u es a n n ot at e d i n H. c alli o psi di s ,

t h e o v er all n u m b er of p ut ati v e ge n es i d e ntifie d w as si milar t o ot h er k n o w n b e es at a p pr o xi m at el y 1 2, 0 0 0.

T h e a v er a ge n u m b er a n d le n gt h of i ntr o ns is als o si milar b et w e e n H. c alli o psi di s  a n d A. m ellif er a , w hic h

w o ul d s e e m t o r ule o ut a n y s u bst a ntial p ur gi n g of n o n c o di n g s e q u e n c es wit hi n ge n es. H o w e v er, t his

c ert ai nl y d o es n ot m e a n t h at ge nic c o nt e nt is st atic or i d e ntic al t o t h at of ot h er s p e cies. M a n y ge n e f a milies

ar e i d e ntifie d as h a vi n g e x p erie n c e d r a pi d e v ol uti o n i n H. c alli o psi di s , t h o u g h wit h t h e c a v e at t h at diff eri n g

m et h o d ol o gies f or ge n e a n n ot ati o n us e d a cr oss t h e c o m p ar e d s p e cies m a y artificiall y i nfl u e n c e t his a n al ysis.

It m a y b e t h e c as e t h at H. c alli o psi di s  d o es i n f a ct e x hi bit t h e l oss of a lar ge n u m b er of ge n es ass o ciat e d

wit h n o n p ar asitic lif e hist ories, b ut t h at t h es e l oss es ar e c o m p e ns at e d t o s o m e e xt e nt b y a n u m b er of r a pi dl y

e v ol vi n g ge n e f a milies. T his fi n di n g m a y i n f a ct b e r elat e d t o t h e lar ge a m o u nt of “ u n classifie d ” r e p etiti v e

ele m e nts dis c uss e d a b o v e, si n c e tr a ns p os a ble ele m e nts c o nt ai ni n g f u n cti o n al ge n es m a y b e i n cl u d e d a m o n g

t h e m ost r a pi dl y e x p a n di n g ge n e f a milies. It r e m ai ns u n cle ar e xa ctl y w hic h t y p es of m at erial a c c o u nt f or t h e

r e d u cti o n i n H. c alli o psi di s ’ ge n o m e siz e c o m p ar e d t o t h e a n c estr al b e e ge n o m e.

Ot he r f e at ures

O ur ge n o m e ass e m bl y f or H. c alli o psi di s  is n otic e a bl y m or e G C ric h ( 4 2. 5 %) t h a n m ost ot h er b e e

ge n o m es. Of t h os e a v aila ble o n G e n B a n k, t h e m e a n G C c o nt e nt is 3 7. 6 %, a n d o nl y 2 s p e cies ( A n dre n a

d ors at a  a n d h a e m orr h o a ) s ur p ass H. c alli o psi di s  i n t his r e gar d (S a y ers et al.  2 0 2 0). It is u n cle ar w h at

r elati o n if a n y t his m a y h a v e t o t h e e v ol uti o n of br o o d p ar asitis m, h o w e v er. Pr o p orti o n of G C b as es is n ot

ge n er all y c orr elat e d wit h ge n o m e siz e i n a ni m als ( Li a n d D u 2 0 1 4 ), t h o u g h a p ositi v e c orr elati o n b et w e e n

G C c o nt e nt a n d r e c o m bi n ati o n r at es h as b e e n n ot e d i n h o n e y b e es ( B e y e et al.  2 0 0 6).

T h e ort h ol o g y d et e cti o n a n al ysis wit h Ort h o Fi n d er i d e ntifie d f e w er u ni q u e ort h o gr o u ps c o nt ai ni n g o nl y H.

c alli o psi di s  ge n es t h a n f or a n y ot h er i n cl u d e d s p e cies b esi d es H a.  l a b ori os a. T his m a y i nitiall y s e e m t o

s u g gest t h at H. c alli o psi di s  h as e x p erie n c e d less e v ol uti o n of n o v el ge n es t h a n m ost ot h er H y m e n o pt er a.

H o w e v er, o v er 2, 0 0 0 p ut ati v e H. c alli o psi di s  ge n es ( a hi g h er fr a cti o n t h a n a n y ot h er s p e cies) w er e n ot a ble

t o b e assi g n e d t o a n y ort h o gr o u p, a n d s o m e of t h es e ar e s ur el y als o u ni q u e ( b ut si n gle- c o p y) ge n es t h at

ar os e s o m eti m e aft er t h e s plit b et w e e n N o m a di n a e a n d its sist er gr o u p. U ns ur prisi n gl y t h o u g h, t h e la c k of

i nt ers p e cific ort h ol o gs f or t h es e u n assi g n e d ge n es als o m e a nt t h at t h e v ast m aj orit y of t h e m r e c ei v e d n o

f u n cti o n al a n n ot ati o ns fr o m blast 2 G O, a n d s o t h eir i d e ntit y r e m ai ns u n cle ar.

F ut ure dire cti o ns

T h e a n n ot at e d dr aft ge n o m e of H.  c alli o psi di s  pr es e nt e d h er ei n is a m aj or first st e p t o w ar d u n d erst a n di n g

t h e ge n o mic b asis of br o o d p ar asitis m i n t h e N o m a di n a e a n d i n b e es m or e br o a dl y. H o w e v er, as alr e a d y

a d dr ess e d t hr o u g h o ut t his st u d y, t h e a m o u nt of i nf or m ati o n w hic h c a n b e gai n e d fr o m a si n gle ge n o m e is

i n h er e ntl y li mit e d. Fr o m t his d at as et al o n e, it is p ossi ble t o i d e ntif y m a n y i nt er esti n g f e at ur es of ge n o mic
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c o nt e nt i n H. c alli o psi di s , b ut n ot t h eir a ge or p h yl o ge n etic distri b uti o n as ort h ol o gs. S o m e s u c h f e at ur es

m a y i n f a ct b e a n cie nt si g n at ur es of t h e i nitial tr a nsiti o n t o br o o d p ar asitis m i n t h e s u bf a mil y N o m a di n a e

a p pr o xi m at el y 1 0 0 M Y A, w hile ot h ers c o ul d b e m u c h m or e r e c e nt i n n o v ati o ns r elat e d t o H. c alli o psi di s ’

st at us as a n arr o w h ost s p e cialist.

F ut ur e i n v esti gati o n i nt o t h e ge n o mics of br o o d p ar asitis m s h o ul d f o c us o n s a m pli n g ot h er s p e cies

r e pr es e nti n g a wi d er p h yl o ge n etic distri b uti o n of p ar asit es, i n cl u di n g ot h er m e m b ers of t h e N o m a di n a e as

w ell as b e es r e pr es e nti n g i n d e p e n d e nt ori gi ns of p ar asitis m. C o m p ar ati v e ge n o mic i n v esti gati o n h as alr e a d y

yiel d e d i nt er esti n g r es ults i n st u d yi n g t h e ge n o mic b asis of s o cial b e h a vi or i n b e es ( e. g. K a p h ei m e t al.

2 0 1 5 ; S h ell et al.  2 0 2 1), a n d it is o ur h o p e t h at t h e H. c alli o psi di s  ge n o m e will s er v e as a st arti n g p oi nt f or

t h e p ar allel e x pl or ati o n of t h e e q u all y f as ci n ati n g lif e hist or y i n n o v ati o n of br o o d p ar asitis m.

D at a a v ail a bilit y

O ur H. c alli o psi di s  ge n o m e ass e m bl y is a v aila ble t hr o u g h G e n B a n k ( a c c essi o n # J A L H A Q 0 0 0 0 0 0 0 0 0).

D at a files r es ulti n g fr o m m aj or a n al ys es (r e p etiti v e ele m e nts, ge n e a n n ot ati o ns, f u n cti o n al a n n ot ati o ns, a n d

ort h ol o g y/ ge n e f a mil y i n v esti gati o ns) h a v e b e e n u pl o a d e d t o t h e G S A Fi gs h ar e p ort al i n ass o ciati o n wit h

t his m a n us cri pt. S u p ple m e nt ar y d at a files  ar e a v aila ble t hr o u g h t h e G S A fi gs h ar e p ort al:

htt ps:// d oi. or g/ 1 0. 2 5 3 8 7/ g 3. 1 9 5 2 2 3 6 9 . S u p ple m e nt ar y File 1  ( “ Ass e m bl y ”) i n cl u d es t h e m ai n c o nti g-le v el

ass e m bl y f or H. c alli o psi di s  as w ell as t h e r es ults of a Q U A S T q u alit y ass ess m e nt a n d B U S C O a n al ysis

of ge n o m e c o m plet e n ess. S u p ple m e nt ar y File 2  ( “ R e p etiti v e Ele m e nts ”) i n cl u d es t h e m as k e d ass e m blies

r es ulti n g fr o m 2 r u ns of R e p e at M as k er a n d R e p e at M o d eler as d es cri b e d i n t h e M et h o ds s e cti o n. S u p ple m e

nt ar y File 3  ( “ A n n ot ati o n ”) c o nt ai ns o ut p ut ge n e a n n ot ati o n files fr o m B R A K E R 2, pr ot ei n, a n d tr a ns cri pt

s e q u e n c es e xtr a ct e d wit h E vi d e n c e M o d eler a n d Gff R e a d, a n d f u n cti o n al a n n ot ati o n o ut p ut fr o m

I nt er Pr o S c a n a n d Blast 2 G O, r es p e cti v el y. Fi n all y, S u p ple m e nt ar y File 4  ( “ Ort h ol o g y ”) pr o vi d es t h e r es ults

of a n Ort h o Fi n d er r u n t o i d e ntif y ort h o gr o u ps a m o n g H. c alli o psi di s  a n d ot h er s p e cies, as w ell as a n

a n al ysis of ge n e f a mil y e v ol uti o n wit h C A F E (i n cl u di n g t h e d at e d p h yl o ge n y us e d as i n p ut f or t his s oft w ar e

b as e d o n P et ers et al.  2 0 1 7).

S u p ple m e nt al m at erial  is a v aila ble at G 3  o nli n e.

Ac k n o wle d g me nts

We t h a n k L u k e Tall o n of t h e I nstit ut e f or G e n o mic S cie n c es at t h e U ni v ersit y of M ar yla n d  as well as

Dr. Mar garita L ó pez- Uribe of P e nn State U niversit y  f or pr o vi di n g v al u a ble a d vic e o n ge n o mic D N A e xtr a cti o n a n d

s e q u e n ci n g m et h o ds. We als o t h a n k Dr. Qi S u n of C or n ell U ni v ersit y’s Bi oi nf or m atics F a cilit y f or his

e x p ertis e a n d assist a n c e wit h ge n o m e ass e m bl y a n d v ari o us i n silic o a n al ys es. A d diti o n all y, w e wis h t o

a c k n o wle d ge t h at C or n ell U ni v ersit y, w h er e t his st u d y w as c o n d u ct e d, is l o c at e d o n t h e tr a diti o n al

h o m ela n ds of t h e G a y o g o̱ h ó: n ǫ' p e o ple wit hi n t h e H a u d e n os a u n e e C o nf e d er a c y.
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F u n di n g

T J L Sless w as s u p p ort e d b y a n P ost gra d uate S c holars hip - D oct oral t hr o ugh t he N S E R C P G S- D N at ural S cie nces a nd

E ngineering Researc h C o uncil of C a na da fello ws hip at C or nell U niversit y f or p art of t h e d ur ati o n d uri n g w hic h t his

w or k w as c o m plet e d. Li br ar y pr e p ar ati o n a n d s e q u e n ci n g c osts w er e p ai d b y a U. S. N ati o n al S cie n c e

F o u n d ati o n gr a nt ( D E B- 1 5 5 5 9 0 5) a w ar d e d t o B. N. D a nf ort h, S. G. Br a d y, J. P. Pitts, a n d R. R oss. A Q 8

C o nflicts of i nte rest

N o n e d e clar e d. A Q 9
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2 0 2 1 ;4 1 (3 ):r u a b 0 4 2. d oi: 1 0. 1 0 9 3/j c bi ol/r u a b 0 4 2.    
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R , B h ai  J, et al.  E ns e m bl 2 0 2 1 . N u cleic Aci ds R es . 2 0 2 1 ;4 9 (1 ):8 8 4 – 8 9 1 . d oi: 1 0. 1 0 9 3/ n ar/ g k a a 9 4 2.    
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Sl o of m a n  L , et al. Dr aft G e n o m e Ass e m bl y a n d P o p ulati o n G e n etics of a n A gric ult ur al P olli n at or, t h e

S olit ar y Al k ali B e e ( H alicti d a e: N o mia m ela n d eri) . G 3 ( B et h es d a) . 2 0 1 9 ;9 (3 ):6 2 5 – 6 3 4 .

1 0. 1 5 3 4/ g 3. 1 1 8. 2 0 0 8 6 5  3 0 6 4 2 8 7 5   

K a p h ei m  M , P a n  H , Li  C , S alz b er g  S L , P ui u  D , M a g o c  T , R o b erts o n  H M , H u ds o n  M E , Ve n k at  A ,

Fis c h m a n  B J , et al.  G e n o mic si g n at ur es of e v ol uti o n ar y tr a nsiti o ns fr o m s olit ar y t o gr o u p li vi n g . S cie n c e .
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P ar asit ol o g y . 2 0 1 5 ;1 4 2 (S 1 ):S 6 – S 1 5 . d oi: 1 0. 1 0 1 7/ S 0 0 3 1 1 8 2 0 1 3 0 0 1 6 7 4.    
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or ga niz ati o n . G e n o m e Bi ol . 2 0 1 5 ;1 6 :7 6 . d oi: 1 0. 1 1 8 6/s 1 3 0 5 9- 0 1 5- 0 6 2 3- 3.    
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A ut h or Q ue r y

1 . Q u e r y:  [ A Q 1] - : Ple as e c h e c k all a ut h or n a m es a n d affiliati o ns. Ple as e c h e c k t h at a ut h or

s ur n a m es h a v e b e e n i d e ntifie d b y a pi n k b a c k gr o u n d i n t h e P D F v ersi o n, a n d b y gr e e n t e xt i n t h e

ht ml pr o ofi n g t o ol v ersi o n (if a p plic a ble). T his is t o e ns ur e t h at f or e n a m es a n d s ur n a m es h a v e

b e e n c orr e ctl y t a g ge d f or o nli n e i n d e xi n g.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: Ac c e pt 

2 . Q u e r y:  [ A Q 2] - : Ple as e pr o vi d e O R CI D I D f or all t h e a ut h ors i n t h e a ut h or b yli n e as p er

j o ur n al st yle.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: I a m a p p ar e ntl y u n a ble t o e dit t h e a ut h or

li n e dir e ctl y, b ut will pr o vi d e a li n k wit h t h e O R CI D I D f or Br y a n N. D a nf ort h:

htt ps:// or ci d. or g/ 0 0 0 0- 0 0 0 2- 6 4 9 5- 4 2 8 X 

3 . Q u e r y:  [ A Q 3] - : Ple as e c o nfir m w h et h er t h e c orr es p o n d e n c e d et ails ar e O K as s et.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: Ac c e pt 

4 . Q u e r y:  [ A Q 4] - : If y o ur m a n us cri pt h as fi g ur es or t e xt fr o m ot h er s o ur c es, ple as e e ns ur e y o u

h a v e p er missi o n fr o m t h e c o p yri g ht h ol d er. F or a n y q u esti o ns a b o ut p er missi o ns c o nt a ct

j nls. a ut h or.s u p p ort @ o u p. c o m.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: N/ A 

5 . Q u e r y:  [ A Q 5] - : Ple as e e ns ur e t o it aliciz e a n y c h ar a ct ers t h at r e pr es e nt ge n es t h at ar e n ot

alr e a d y it aliciz e d (i n t e xt a n d r ef er e n c e list).

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: Ac c e pt 

6 . Q u e r y:  [ A Q 6] - : Ple as e c h e c k t h at all w e b a d dr ess es cit e d i n t h e t e xt, f o ot n ot es a n d r ef er e n c e

list ar e u p-t o- d at e, a n d ple as e pr o vi d e a ‘last a c c ess e d’ d at e f or e a c h U R L (if a p plic a ble).

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: A d d e d a c c ess d at es f or t his U R L as w ell as

S mit et al. r ef er e n c e



7 . Q u e r y:  [ A Q 7] - : Ple as e c h e c k w h et h er t h e i ns ert e d cit ati o n t o Fi g. 5 is c orr e ct.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: Ac c e pt 

8 . Q u e r y:  [ A Q 8] - : Ple as e c h e c k t h at f u n di n g is r e c or d e d i n a s e p ar at e f u n di n g s e cti o n if

a p plic a ble. Us e t h e f ull official n a m es of a n y f u n di n g b o dies, a n d i n cl u d e a n y gr a nt n u m b ers.

Ple as e e ns ur e t h at t his d et ail h as b e e n pr o vi d e d i n t h e a ut h or c o m m e nts b ef or e a c c e pti n g t his
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q u er y.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: U p d at e d f u n di n g s e cti o n wit h f ull official

n a m e of N S E R C f ell o ws hi p



9 . Q u e r y:  [ A Q 9] - : Yo u m a y n e e d t o i n cl u d e a “ c o nflict of i nt er est ” s e cti o n. T his w o ul d c o v er a n y

sit u ati o ns t h at mi g ht r ais e a n y q u esti o ns of bias i n y o ur w or k a n d i n y o ur article’s c o n cl usi o ns,

i m plic ati o ns, or o pi ni o ns. Ple as e s e e

htt ps:// a c a d e mic. o u p. c o m/j o ur n als/ p a ges/ a ut h ors/ a ut h ors _f a qs/ c o nflicts _ of _i nt er est.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: N/ A 

1 0 . Q u e r y:  [ A Q 1 0] - : T h er e is n o m e nti o n of ( As c h er & Pic k eri n g 2 0 2 0, Mic h e n er 2 0 0 7, a n d Wic k

et al. 2 0 1 5) i n t h e t e xt. Ple as e i ns ert a cit ati o n i n t h e t e xt or d elet e t h e r ef er e n c e as a p pr o priat e.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: R e m o v e d i n dic at e d r ef er e n c es fr o m list



11 . Q u e r y:  [ A Q 1 1] - : T h e c a pti o n f or Fi g ur es 4 a n d 5 c urr e ntl y c o nt ai ns r ef er e n c e t o c ol o ur us e d

wit hi n t h e fi g ur e. F or a c c essi bilit y p ur p os es r ef er e n c e t o c ol o ur s h o ul d b e a v oi d e d. If p ossi ble

ple as e pr o vi d e u p d at e d w or di n g f or t h e fi g ur e c a pti o n t o r e m o v e r ef er e n c e t o c ol o ur.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: R e m o v e d r ef er e n c es t o c ol o urs as r e q u est e d



1 2 . Q u e r y:  [ A Q 1 2] - : Ple as e pr o vi d e c o m plet e d et ails f or ( K a p h ei m et al. 2 0 1 9) i n t h e r ef er e n c e list

or d elet e t h e cit ati o n fr o m t h e t e xt.

    R es p o ns e:  [A ut h or - Sl ess: tjs 3 2 8 @c or n ell. e d u ]: A d d e d r ef er e n c e t o K a p h ei m et al. 2 0 1 9

( htt ps:// d oi. or g/ 1 0. 1 5 3 4/ g 3. 1 1 8. 2 0 0 8 6 5) 
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