Figure S1. Seven families of repeats (R1-R7) of Rhazya mitochondrial genome involved in
recombination. A. lllustration of corrected PacBio reads mapped against the assembled
Rhazya mitochondrial genome. Blue and red lines indicate large and small repeat regions,
respectively. Grey lines indicate regions of PacBio reads not aligned to the mitochondrial
genome. B. Seven repeat families of Rhazya plotted on the mitochondrial genome. Blue
lines within the circle indicate the positions of the pairs of repeats, twisted connecting lines
denote repeats in reverse orientation. The letters A through F on the map indicated seven

single-copy regions separated by repeats.

Figure S2. PCR strategy for identifying intramolecular recombination across mitochondrial
repeats. Red lines on the outside of the master circle indicate the position and orientation
of PCR primers to identify mitochondrial recombination, relative to master circle. Blue
(direct repeats) or yellow (inverted repeats) lines on the inside of the master circle indicate
the position and orientation of PCR primers to detect mitochondrial recombination;
matched color (blue or yellow) lines on the outside of the eight alternative circles indicate
alternative orientations of primers/products. Each repeat (R2; orange, R6; purple, and R7;
green) or repeat cluster (R2-R3-R4; black) is indicated by an arrowhead on the circles and
double-headed arrows show six possible alternative arrangements. Individual primer
sequences are indicated by the numbers one through 12 and correspond to Table S12. The

letters A through F on the maps indicate seven single-copy regions separated by repeats.

Figure S3. The two mitochondrial ORFs representing the nuclear (R)-mandelonitrile lyase
sequence. A. Schematic diagram of the (R)-mandelonitrile lyase sequence in the Rhazya
nucleus (nDNA; red line), the mitochondrial fragments of 247 and 1,894 bp, with the two
ORFs (blue block arrows) in the Rhazya mitochondria (mtDNA; blue line), and the transcript
(orange). ATE (transposable element) insertion is shown in red between the two fragments

in the Rhazya mitochondrial DNA. The model (malate:quinone oxidoreductase; Mgo and



glucose-methanol-choline (GMC) oxidoreductase; GMC_oxred_C) of a putative nuclear
protein-coding gene was predicted using the Conserved Domain Architecture Retrieval Tool
(CDART) [82]. B. The broken outlines represent the full-length nuclear sequence, the red
shaded arrow within indicates the proportion of the sequence present in six asterid
mitochondrial genomes with the length of each indicated above. C. Nucleotide sequence
alignment of the nuclear and mitochondrial (ORF185 and ORF430) copies and the
mitochondrial transcript from Rhazya stricta. Red box shows 5 bp deletion that caused a
frame shift to generate split ORFs. D. Amino acid sequence alignment of nuclear and two
mitochondrial ORFs. Each ORF (blue; ORF185, red; ORF430) contains a conserved domain

(Mgo; blue shaded box and GMC_oxred_C; red shaded box).

Figure S4. Potential chimeric ORFs. Schematic diagram of the genomic regions surrounding
the ORFs containing repeats. A. ORF56b overlaps with repeat region 6 (R6) associated with
rpl2 and contains small fragments of three mitochondrial genes (rp/2, matR, and ccmFn). B.
ORF318 and ORF324 were identified in repeat cluster regions associated with atp6. Repeats
are numbered and indicated by solid dark blue arrows and are diagrammed on the
mitochondrial ggnome map. The maps are broken (-//-) to focus on regions of interest.
ORFs are indicated by light blue block arrows. Red bands on the ORFs indicate the

transmembrane helices regions.

Figure S5. Conserved mitochondrial gene blocks among eight asterids. All pairwise
comparisons were made relative to R. stricta. All protein-coding genes and rRNAs are
arranged from top to bottom for Rhazya, and from left to right for the other asterids based
on the order in published genome maps. Red genes names indicate losses of each
mitochondrial genome. Blue squares represent the presence of a given gene in each
genome. Red boxes indicate colinear gene blocks between two genomes. Shaded red boxes

indicate shared colinear gene blocks among the eight asterid genomes.



Figure S1

>

large repeat

mitochondrial genome

1st breakpoint

oy,

\

\

PacBio reads

B

A  ~—

N

/,/

Py

D

Y
‘-

x2

!
|
R2 ‘
R3
R4
\
E
—
R5 |
36,251 bp
R1 ’ X2
32,072 bp

2nd preakpoint

=
-

small repeat

|]

mitochondrial genome

PacBio reads

o
g
@
Q
x

S
=]
3
=
w

\

\

¥
R5
R4
3 R3
?
R2
R1
X3 X2
R4 R6|)
281 bp 124 bp
X2
R7

252 bp



Figure S2

R2-R3-R4

©
o

<
&
(s
&
N
4

R7

R2
\/2
E
F
R
5 E



(R)-mandelonitrile lyase

hazya

R

4
d ™ S
i afi X
21 o1 o et 8000 SEHEE - - N
! 1 [SIS ISR = oo 8 8rme g 3 of
ol 4 © g OO Laid Eralatan & goovo ERE
! ~ < GG HE LU = hinc an
! Ny N < 00O = EeE <
C HE a4 53
" _MN A EE M A,AA oo
Al EEE B
1
LoLo 4
" %_ m B mm
1 voLo
1
1 h" S o< 2- 8. L
1 ..m_ = G B e e = 3| n
1 C B -
1 c 3
a 1 c ! — EHEE e 2!
e — (&) voLL wo
o1 m_ O S1313) e
i 1 S DOV P
(o I TI! e OO0
- | R— V AR 319
o EEE Y I
e e s S o o
B D) 8- 8. E <
BIOIS) hOo - = £ | -1
BB »
OB '
e EEE O -
e EEHE B =
-
20N, . e >
N oss e R : R (25
Qf a?f (=5 QOO S1818} : : s
Q) a) a e 8 o OLO VOO I E 9 <
i e 2 800D Bee 8000 & - _ OO0 g HEIE o SEE L 00 L H
©1 0 31313 i ¥ FOUOE 3 800 8000 8 2 i e)
ol C []818] > AL o H
n ©i Q =) [S1S18] OO OBE e OEE ™ BB ™ = e B ks
o H o] < ¢ A e OO0 b QEE p h ER
— — 1 VOO VOO BHEE E o
= i ! 1 Slele] < O P HEHE 00O e i
H i C ¢ [ BB EEE
5 ! 1 H BEE 0O O, HOU VOO > ;
— 1 H O A v
0| i ! BEHE BB < iadad C |
(7] S ! @ ! g 8 PNCICICINSISIS IS 500 e < E
o 2 c ! 560" OO0 BB FOOUE 8- 3 ERATE] o i g EIE
i (2} 1 o9 © O BB ELD) ® sl S S §
o o | S S i OO BB BEE B EEQOE E P - e e -
o 2! (@) = ' e L BO g ‘ < =
o Ol = O i =t e <) oee ;
0 @ | o ! BEE 500 YUYUEEW
= “ 1 T N [S]S]9] e ; A 4
o <L (el =i 009 fRe SEdx e o
-—= [—— T BEE  qaa <aOw o
© P RIS = L "
) B-000 8000 OO0 § 2. i &
HEE TR Tooo Fopnreet :
e E o
e Sisfs! 0o &
000 OLL VOO LR -
HEEH 000 VOV ) "
gL OO0 g e
< 0o
SISISINT I VoY
I E 006 Lt
= g0 L
~ EHEVE E
< HOW e,
O ~ il [
| e B
S B =
() < EE E
5 $000 =
3 < m
_
©) n
M o BOC 1
~ (2] e >0
G <t e (-]
L - D00 0o
o § 2 o <A 1%
(@] Z S == 4
T oo o (>]>]
[S1S18} o SEED
LR SiEEE &
BB E M >
~QUCH EE E
Q) PR &
. ' n
— & ! EHEE =
s oF S
o LL e S =
q R HEEH T @ T_
= ) o Geg 550 |
.M B < SISISENEITH OC EEEY
LOLL m
(o)} OB o [S1818] ges
3 B < << oon oo o
_ 9 Do p e ¢ 00O £
< < o B = [
2 B4 ES B ES s < < < < b
< < g8 g8 g8 508 & g g 3 S z E: S z S 5
23 a= = B— 82 5 = = - -
pd SEE 35T sS5E $EE S5E sS5E $5E S8R $iE 8 B s& & B LB
=z Z235 Z2% Z2% Z8% Z25 328 Za8% Z8% S58 $58 S5E L5E L5E L5E <25
&) @) o055 5% 255 25f 255 255 o855 255 055 2085 325 325 Z2% Z8% 2% < s < < <
3Z5 85 s £E2 §E2 §EZ2 &E 58 =86 =86 =8 2 ogcg cc 3 P4 z
c = $<3 828 $s3 358 $s8 818 522 33§ B34 53§ B34 B4 325 134 585 gBg 0o wBg oho 0o
£ S2E 522 32% 32%€ 92% Sz%f 3SZ% 8%z% sz 8s8 88 €8 s $s8 $s8 252 252 °5% °8% 282
2 2%2% 2%F 2%t 22E 2&F sS&: okE S2: s&F s&% Ler Lo Lof L2f L2r
< EXE Dow.o 5285 528 5285 528




Figure S4

matR
F
rpl2 ccmFn

A ORF56b

7/

/.
1/

ORF318

B Gl | B

/ R4 R3 R2

/.
7/

R1 R2 R3 R4

rpl2
R6
7/
R2
atp6

ORF324£ J

R5



Figure S5

o w o
EF- g g wg 23 « Ze elin oo B s
-1 5 E : : 4 25T % g o FEIRRLEEY %3 3% TERESaGy
EE4ER8RE B H 5 gigpasss 8% BB
comfn comfn
alpd alpd
AL AL
mis mis
nad? nad?
nad3 nad3
wsi2 wsi2
rad? 817 rad? 817
waahd waahd
radi ol radi ol
cemC cemC
nad? 345 nad? 345
nadb e12 nadb e12
aipd [ | aipd [ ]
mz6 mz6 [ |
psi | | psi
matR matR
nadi ed nadi ed [E
cot: o ]
(6 rasd rasd
nadb nadb
>\ iz ] iz
N e st a3 ]
Pi5 [ | Pi5
('5 sid sid
psid
! radi el radi el
st st [ |
m st st
a3 a3
wit6 wit6
cox? cox?
TR TR
it it
nadi a9 nadi a9 [ ]
sdhd sdhd
coxd coxd
a8 a8
mig mig
ms ms
wadd E wadd ]
w810 w810 |[:
Gt Gt
apit ™ u aipi m
nadd [ | nadd [ ]
somFe m somFe ]
nad5 e45 [ ] nad5 e45 [ |
vy n vy n

=
5
=
[
w
o
(@]
)
QD

2 o am w o o ey S
T 3% % R Fo T3 B K % 3 % T .
w Iy Fud [ Yr e, il & ToeNiErpanBbe, 20 = P o o S S | ) Sl Fa [T
ER L P Y T %nzxﬁakﬁﬂm%wggmwmé%:t%ﬂ%xﬁ%x:'v;a Enﬂaggtx‘&n%‘a¥€g;s;‘E%%“%n;’a%xggﬁn‘ﬁﬁ.nﬂ?g:w-
EEBESEESwECE T o CENENNEC e EEOREROFRREERegREg2dE FEPEREECWEC e e AT R e T SE AR EREE

st

Rhazya

comE comfo
wad5 245 ] a5 45 ]

atps | | sfab




Figure S5

ras12
rad? e17
wisan3
nadt a1

nad2 345 -
racth @12
afpd [ ]

m26

Rhazya

ras10
coxi
afpt
radd

comFe
rrad$ eds
stps

Rhazya

comFE
nad5eds | M
afpd

a5 212

comfe
fiad5 45
aip

E .o o me 2, o
S Fane, e 8 w88, 2Py el ot a Y g D
IR R R S 1 ) R
= |
[
[
- u
u
ol
- ]
- [
[
[
= [
[ ]
- =
]
- [
]
[
" [
[
= |
[
u
[
[ ]
u
. E
a "
u




