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Sphagnum falcatulum

Plagiochila britannica | "~ Corsinia coriandrina
Barbulescu et al., 2017, Bot J Lin Soc Boissellier-Dubayle & Bischler, 1998, Bot Acta
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Plagiochila britannica ., | oriia coririn
Barbulescu et al., 2017, Bot J Lin Soc Boissellier-Dubayle & Bischler, 1998, Bot Acta
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Funariaceae — family of 250+ species
Including model species Physcomitrella patens

Gametophytes of all species very similar
Morphological variation in sporophyte stage




FUNARIACEAE PHYLOGENY

Rapid
Radiation
of the
E-P complex

ke

II

Physcomitrium spathulatum South Africa 3549
Physcomitrium subsphaericum Mexico 3556
Physcomitrium sp. South Africa 3814
Physcomitrella magdalenae Rwanda 3
Physcomitrium pyriforme USA 3118
Physcomitrium pyriforme USA 3883
Physcomitrium pyriforme USA 3728
Physcomitrium pyriforme USA 3886
Physcomitrium pyriforme USA 3727
Physcomitrium pyriforme USA 3798
Physcomitrium pyriforme USA 3496
Physcomitrium pyriforme Ireland 3787
Physcomitrium japonicum China 3539
Physcomitrium japonicum China 3551
zgyscomitrium Jjaponicum japan ;:H 1.2,. Reduced sporophyte

scomitrium japonicum Japan A ;
Ph;(scomitrium ia%nicum China 3508 Indehiscent capsule
Physcomitrium japonicum China 3816
—— Physcomitridium readeri France 3892 >
Physcomitrium sphaericum China 3550
Physcomitrium sphaericum China 3815
Physcomitrium sphaericum China 3141 ;
Physcomitrium sphaericum China 3672 - 7
Physcomitrium collenchymatum USA 3178 )%‘\
Physcomitrium collenchymatum USA 3480 - e
ggyscom{trium §phaericunb 22i2$731 15

scomitrium immersum 6\ .
Ap)}’mnorrhegma serratum USA 3305 \ ' Reduced sporophijte
—Physcomitrella patens Canada 313 " True operculum
L Physcomitrella patens USA 3403
—— Physcomitrium sp. South Africa 3817

Entosthodon hungaricus Austria 3177%
—entosthodon hungaricus Hungary 3838%
~ L-Physcomitrium pyriforme USA 3410
Physcomitrium eurystomum Germany 3392
|Physcomitrium eurystomum Germany 3392b
Physcomitrium pyriforme Spain 355
Physcomitrium pyriforme Russia 3387
Physcomitrium pyriforme USA 3404
’Physcomitn'um hookeri USA 3409
Physcomitrium hookeri USA 3412

Efntosthodon subintegrus Hawaii 3840

12,. Reduced sporophyte
W Indehiscent capsule

Physcomitrium-type
Long sporophyte
Peristome absent
Revoluble annulus absent

'2,. Reduced sporophyte
~ " Simple dehiscence line

1, Reduced sporophyte
<4~ Indehiscent capsule

Entosthodon sp. New Caledonia 3842

Entosthodon sp. New Caledonia 3837

Entosthodon bergianus South Africa 3509
jEntosthodon obtusus Ireland 3347 )

— 'Entosthodon obtusus Ireland 3347b
EEntosthodon attenuatus Ireland 3479
Entosthodon attenuatus Portugal 3835

Entosthodon duriaei Spain 384
I__Efntosthodon planoconvexus USA 3114
Entosthodon muhlenbergii Hungary 3893

Entosthodon-type
Long sporophyte

(|7 Peristome present
\,}%. Revoluble annulus absent

Phylogram !
(Bayesian Inference)

L

__I_Efntosthodon americanus Canada 3894

Entosthodon lindigii Peru 3546
Entosthodon clavatus South Africa 3895
Entosthodon clavatus South Africa 3896
Entosthodon clavatus South Africa 3545
Entosthodon sp. India 3726

0.009

2, Reduced sporophyte
Vestigial operculum

Entosthodon smithhurstii Australia 3465 )2
_EPhyscomitreNopsis africana South Africa 3142/ b
Funaria hygrometrica Germany 3179 »
Funaria hygrometrica USA 3515 [4 >
Funaria hygrometrica USA 3632
Funaria hygrometrica USA 3476
Funaria hygrometrica Japan 3388
Funaria polaris Russia 3542
Funaria sp. China 3393
Funaria sp. China 3882
Funaria microstoma China 3834
Funaria arctica Canada 3544
Funaria arctica Canada 3833
Funaria hygrometrica var. calvescens Reunion 3633
Funaria sp. Ethiopia 3514

1

Funaria-type
Very long sporophyte
Peristome present

Funaria sp. Ethiopia 3541 <N~
Funaria flavicans USA 4092 Y
Funaria hygrometrica USA 3891 A
Funaria hygrometrica USA 3111

Goniomitrium africanum South Africa 4081

1Discelium nudum Sweden 3220 Disceliaceae

'Discelium nudum Sweden 3220b

—— Bryobartramia schelpei South Africa 4083

=" Fncalypta intermedia USA 3219 Encalyptaceae

————"Timmia austriaca Sweden 3619

" Timmia megapolitana Norway 3338 Timmiaceae

Chamaebryum pottioides South Africa 3573

Chamaebryum pottioides South Africa 3630

Chamaebryum pottioides South Africa 3630b
Qedipodiella australis South Africa 4082

Gigaspermaceae
Costesia spongiosa Chile 4086
——— Gigaspermum repens South Africa 3583

———Lorentziella imbricata USA 3419

=125 =100 75 =50
Age (Mya)

=25 o

Revoluble annulus present

Entosthodon-Physcomitrium complex

Physcomitrellopsis
clade

Entosthodon-Physcomitrium clade

Pyramiduloideae

Funaria

Medina et al., 2018, MPE

Funariaceae

Phylogeny based on coding regions

from all 82 chloroplast genes
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Aphanorrhegma serratum C C 1

Physcomitrella patens
(Physcomitrella patens ssp. patens
/ ssp.californica)

O
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Physcomitrium sphaericum C C
N L Physcomitrium collenchymatum  C C 2
\ -
N 7
\,”’ o
,’ Physcomitrium eurystomum C C 2
==
— -y L
S|
- Physcomitrium pyriforme T G 2
Physcomitrella magdalenae T T 1 *

(Physcomitrella patens ssp. magdalenae)

Physcomitrella readeri 5 g T 1 *
(Physcomitrella patens ssp. readeri
/ ssp.californica)

Funaria hygrometrica T T 1

Beike et al., 2014, BMC EvBio

Hybrid origin and large genome size in Physcomitrium-Entosthodon complex



PHYSCOMITRIUM PHYLOGENY

Physcomitrium spathulatum South Africa 3549
Physcomitrium subsphaericum Mexico 3556
Physcomitrium sp. South Africa 3814

Physcomitrella magdalenae Rwanda 3

Physcomitrium pyriforme USA 3118

Physcomitrium pyriforme USA 3883 5

Physcomitrium pyriforme USA 3728 2. Reduced sporophyte

Physcomitrium pyriforme USA 3886 " " Indehiscent capsule
Physcomitrium pyriforme USA 3727
Physcomitrium pyriforme USA 3798

Rapid Physcomitrium pyriforme USA 3496
Radiation Physcomitrium pyriforme Ireland 3787
f th Physcomitrium japonicum China 3539
of the Physcomitrium japonicum China 3551

E-P complex zgyscomi:njum Japonicum japan ;:ﬁ 1% Reduced sporophyte
scomitrium japonicum Japan =\ ;
thscomitrium ::ag%icum China 3508 " Indehiscent capsule
Physcomitrium japonicum China 3816
———Physcomitridium readeri France 3892 (>4 g g
zgyscomitn:um sp:aergcum Emna gg?g Physcomitrium-type
|Physcomitrium sphaericum China f
vPh;scomitrium sphaericum China 3141 A |L’ong sporop:)\yte
Physcomitrium sphaericum China 3672 / Peristome absent
Physcomitrium collenchymatum USA 3178 }K\ Revoluble annulus absent
Physcomitrium collenchymatum USA 3480
‘I:gyscomi trium gphaericun'b gxig?}l 15
scomitrium immersum o

A,'.')"-anorrhegma serratum USA 3305, J?' Reduced sporophyte
—Physcomitrella patens Canada 313 © W True operculum
l-sgyscomitrglla patggj ES:' 3'4033817
—— Physcomitrium sp. South Africa

Entosthodon hungaricus Austria 31774 %, Reduced sporophyte
—[Entosthodon hungaricus Hungary 3838% - dehiscence line
L Physcomitrium pyriforme USA 3410

g
"‘m s ' _Photo:.\.ARrehs
Physcomitrium eurystomum Germany 3392 a r -
Poyscomiiriam pororme oo s, - W0 Indehiscent capsule :
phadit ry - e u
2 Py i orme el 36 Entosthodon hungaricus

sthodon-Physcomitrium complex

odon-Physcomitrium clade

*Physcomitn‘um hookeri USA 3409
Physcomitrium hookeri USA 3412
EEntosthodon subintegrus Hawaii 3840

Sl -
R S European endemic

=1 v = 'Entosthodon obtusus Ireland 3347b Entosthodon-type

Entosthodon attenuatus Ireland 3479 /
= Entosthodon attenuatus Portugal 3835 . Long sporophyte
Entosthodon duriaei Spain 384 \ / Peristome present
rEl:‘ntosthodorn planoconvexus USA 3114 Sl pol ) o o Lus absent
Entosthodon muhlenbergii Hungary 3893 M N t = t h th E t t h d o n
Entosthodon americanus Canada 3894
—LEEn(osthodon lindigii Peru 3546 o WI 0 e r n OS o
Phylogram Lt gntostmon c;avatus %tn ﬁ:rica ggz
ntosthodon clavatus South Africa
(Bayesian Inference) _.éfnwsmodon clavatus South Africa 3545 : s I I I h I
——Entosthodon sp. India 3726 ‘/'2’ Reduced sporophyte Physcog:;t;:"opsns n 0 r a n e a r 0 e n
— Entosthodon smithhurstii Australia 3465 2 ioi
0.009 £ Physcomitrellopsis africana South Africa 3142~ Vestigial operculum
N Funaria hygrometrica Germany 3179 »
\ Funaria hygrometrica USA 3515 (;l
Funaria hygrometrica USA 3632
Funaria hygrometrica USA 3476 \
Funaria hygrometrica Japan 3388 \
Funaria polaris Russia 3542 \ .
Funaria sp. China 3393 | Funaria-type
;unaria sp. China 388c2h 5 | Very long sporophyte
unaria microstoma China ! ;
Funaria arctica Canada 3544 { Peristome present
Funaria arctica Canada 3833 | Revoluble annulus present
Funaria hygrometrica var. calvescens Reunion 3633
Funaria sp. Ethiopia 3514 )
Funaria sp. Ethiopia 3541 e
Funaria flavicans USA 4092 Y-
Funaria hygrometrica USA 3891 4
Funaria hygrometrica USA 3111 o
Goniomitrium africanum South Africa 4081 Pyramiduloideae
[ {Disceiom nodom Sweden 32200 Disceliaceae
| ——Bryobartramia schelpei South Africa 4083
=" Fncalypta intermedia USA 3219 Encalyptaceae

————Timmia austriaca Sweden 3619 ;
ik " Timmia megapolitana Norway 3338 Timmiaceae

Chamaebryum pottioides South Africa 3573
F‘Chamaebryum pottioides South Africa 3630

1

Funaria

Chamaebryum pottioides South Africa 3630b
Qedipodiella australis South Africa 4082 Gigaspermaceae
Costesia spongiosa Chile 4086
——— Gigaspermum repens South Africa 3583

———Lorentziella imbricata USA 3419

- Medina et al., 2018, MPE

=125 =100 -75 =50
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NUCLEAR CONFLICT

EPhyscomitrium—pyriforme—3728
Physcomitrium-pyriforme-3886
Physcomitrium-pyriforme-3727

Physcomitrium-pyriforme-3798

Physcomitrium-sp-3496

Physcomitrium-pyriforme-3787

Physcomitrium-subsphaericum-3556

Physcomitrium-sp-3814

Physcomitrium-spathulatum-3549

Physcomitrella-magdalenae-3844

Physcomitrium-pyriforme-3883

Physcomitrium-pyriforme-3118

Physcomitrium-sp-3539

Physcomitrium-sp-3551

Physcomitrium-japonicum-3411

Physcomitrium-japonicum-3413

Physcomitrium-sp-3816

Physcomitrium-sp-3508

Physcomitrium-pyriforme-3387

Physcomitrium-eurystomum-3392

Physcomitrium-pyriforme-3555

Physcomitrium-eurystomum-3841

Physcomitridium-readeri-3892

Physcomitrium-sp-3115

Physcomitrium-collenchymatum-3178

Physcomitrium-collenchymatum-3480

Aphanorrhegma-serratum-3305

Physcomitrium-immersum-3176

Physcomitrella-patens-3403

Physcomitrium-sp-3817

Physcomitrium-pyriforme-3404

Physcomitrium-hookeri-3409

Physcomitrium-hookeri-3412

Entosthodon-obtusus-3395

Entosthodon-obtusus-3347

Entosthodon-bergianus-3509

Physcomitrium-sp-3842

Entosthodon-subintegrus-3840

Entosthodon-sp-3837

Entosthodon-attenuatus-3543

Entosthodon-attenuatus-3479

Entosthodon-attenuatus-3835

Entosthodon-duriaei-3843

Entosthodon-planoconvexus-3114

Entosthodon-muhlenbergii-3893

Entosthodon-hungaricus-3177

Entosthodon-clavatus-3896

Entosthodon-clavatus-3895

Entosthodon-sp-3545

Entosthodon-sp-3726
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Physcomitrellopsis-africana-3142

Entosthodon-smithhurstii-3465

Samples with high
numbers of paralogs
generate gene conflict:

E. hungaricus
P immersum



RESEARCH GOALS

1. Identify samples with heterozygosity in target sequencing data
2. Extract phased DNA sequences to include homeologs in gene tree inference

3. Identify potential parents for allopolyploid taxa



PARALOG WARNINGS

Physcomitrium-sp-3550
Physcomitrium-sp-3141
Physcomitrium-pyriforme-3410
Physcomitrium-sp-3815
Physcomitrium—immersum-3176
Physcomitrium-sp-3672
_> Entosthodon-hungaricus-3838
Physcomitrium—eurystomum-3392
Physcomitrium-pyriforme-3387
Physcomitrium—eurystomum-3841
Entosthodon-attenuatus—3543
Physcomitrium-pyriforme-3555
Entosthodon-sp-3837
Entosthodon-pulchellus-3120
Entosthodon-clavatus—3896
Entosthodon-sp-3545
Physcomitrium—-subsphaericum-3556
Entosthodon-attenuatus—3835
Entosthodon—-obtusus-3347
Entosthodon-planoconvexus-3114
Entosthodon-sp-3726
Physcomitrium-sp-3551
Physcomitrium-sp-3814
_> Entosthodon-hungaricus-3177
Physcomitrella—patens-3139
Physcomitrium—pyriforme-3728
Entosthodon-americanus—-3894
Entosthodon-clavatus—-3895
Entosthodon-smithhurstii-3465
Physcomitrium—hookeri-3409
Physcomitrium—pyriforme-3118
Physcomitrium-sp-3115
Physcomitrium-sp-3817
Entosthodon-muhlenbergii-3893
Physcomitrellopsis—africana-3142
Physcomitridium-readeri-3892
Physcomitrium-sp-3508
Physcomitrium-sp-3539
Entosthodon-attenuatus—-3479
Entosthodon-obtusus—-3395
Physcomitrium—japonicum-3411
Physcomitrium-pyriforme-3727
Physcomitrium-pyriforme-3798
Physcomitrium-pyriforme—-3886
Physcomitrium-sp-3496
Entosthodon-duriaei-3843
Entosthodon-lindigii-3546
Physcomitrella-patens-3403
Physcomitrium-collenchymatum-3178
Physcomitrium—japonicum-3413
Physcomitrium-pyriforme—-3404
Physcomitrium-pyriforme-3787 * ;
Physcomitrium-sp-3816
Physcomitrium-sp-3842
Entosthodon-bergianus-3509
Entosthodon-subintegrus—3840
Physcomitrella-magdalenae-3844

Physcomitrium-collenchymatum-3480 ,

HybPiper warns of multiple sequences assembled for one gene

If warnings at multiple genes, could indicate polyploid sample

Physcomitrium-hookeri-3412
Physcomitrium—pyriforme-3883
Physcomitrium-spathulatum-3549

c 7
a6t ©

github.com/mossmatters/HybPiper

Number of genes with paralog warnings Johnson et al., 2014, APPS

I I I I I
100 200 300 400 500

o



http://github.com/mossmatters/HybPiper

IDENTIFYING ALLOPOLYPLOIDS

Exon Exon Exon Exon
12X
Physcomitrium-pyriforme-3787 ‘ | |
NI I —— Il | B N
Physcomitrium-pyriforme-3883 25X HH H ‘ ‘ H ‘ | ‘ ”
| | 11
o . 21X ‘
Physcomitrium-pyriforme-3404 ‘ |
Physcomitrium-pyriforme-3410 10x H |'4 | | - | || ‘ H M' || “ || | U|
ol (LR 0 || (I
2,833 bp

Workflow

Reads aligned to HybPiper “supercontigs’
Picard: Remove PCR duplicates

GATK: Call Variant Sites within individuals

Code: github.com/mossmatters/phyloscripts



http://github.com/mossmatters/phyloscripts

IDENTIFYING ALLOPOLYPLOIDS

*

Physcomitrium-sp-3550
Physcomitrium-sp-3141
Physcomitrium-pyriforme-3410
Physcomitrium-sp-3815
Physcomitrium—immersum-3176
Physcomitrium-sp-3672
_> Entosthodon-hungaricus-3838
Physcomitrium—eurystomum-3392
Physcomitrium-pyriforme-3387
Physcomitrium—eurystomum-3841
Entosthodon-attenuatus—3543
Physcomitrium-pyriforme-3555
Entosthodon-sp-3837
Entosthodon-pulchellus-3120
Entosthodon-clavatus—3896
Entosthodon-sp-3545
Physcomitrium—-subsphaericum-3556
Entosthodon-attenuatus—3835
Entosthodon—-obtusus-3347
Entosthodon-planoconvexus-3114
Entosthodon-sp-3726
Physcomitrium-sp-3551
Physcomitrium-sp-3814
_> Entosthodon-hungaricus-3177
Physcomitrella—patens-3139
Physcomitrium—pyriforme-3728

Paralog warnings helpful
T entostodon satus 989 but not 100% accurate

Entosthodon-smithhurstii-3465
Physcomitrium—hookeri-3409
Physcomitrium—pyriforme-3118
Physcomitrium-sp-3115
Physcomitrium-sp-3817
Entosthodon-muhlenbergii-3893
Physcomitrellopsis—africana-3142
Physcomitridium-readeri-3892
Physcomitrium-sp-3508
Physcomitrium-sp-3539
Entosthodon-attenuatus—-3479
Entosthodon-obtusus—-3395
Physcomitrium—japonicum-3411
Physcomitrium-pyriforme-3727
Physcomitrium-pyriforme-3798
Physcomitrium-pyriforme—-3886
Physcomitrium-sp-3496
Entosthodon-duriaei-3843
Entosthodon-lindigii-3546
Physcomitrella-patens-3403
Physcomitrium-collenchymatum-3178
Physcomitrium—japonicum-3413
Physcomitrium-pyriforme—-3404
Physcomitrium-pyriforme-3787
Physcomitrium-sp-3816
Physcomitrium-sp-3842
Entosthodon-bergianus-3509
Entosthodon-subintegrus—3840
Physcomitrella-magdalenae-3844
Physcomitrium-collenchymatum-3480
Physcomitrium-hookeri-3412
Physcomitrium—pyriforme-3883
Physcomitrium-spathulatum-3549

I I I I I
100 200 300 400 500 0.

I I I
0.2 0.4 0.6 0.8 1.0 1.2

Number of genes with paralog warnings Heterozygosity

o
o



CONFIRMING HETEROZYGOSITY

T

Physcomitrium—-sp-3550
Physcomitrium-sp-3141
Physcomitrium—pyriforme-3410
Physcomitrium-sp-3815
Physcomitrium—immersum-3176
Physcomitrium-sp-3672
Entosthodon-hungaricus—-3838
Physcomitrium—eurystomum-3392
Physcomitrium—pyriforme-3387
Physcomitrium—eurystomum-3841
Entosthodon-attenuatus—-3543
Physcomitrium—pyriforme-3555
Entosthodon-sp-3837
Entosthodon—pulchellus-3120

Percent Heterozygosity

Initial project:

Entosthodon hungaricus
Physcomitrium pyriforme (3410)
Physcomitrium immersum




ALLELE PHASING

4,510 bp

1,000 bp 2,000 bp 3,000 bp 4,000 bp
| I [ | I

i | || ‘ | N . | |
el ' || 'H i ”||'||,,,, o | | ] W HNTHIRI N T T IR TR ||I|“| ||II | ”“l’lll”lllllrihi'h .

A/C A/T

How to generate two sequences for gene tree analysis?
Use the sequencing reads (300 bp paired-end) to generate haplotypes.

Read-backed phasing using GATK and WhatsHap

Code: github.com/mossmatters/phyloscripts



http://github.com/mossmatters/phyloscripts

ALLELE PHASING

Phasing success in putative allopolyploids

. 4,510 bp -
ap 1,000 bp 2,000 bp 3,000 bp 4,000 bp
| | | | | | | I |
i - 58)
ol |H\ ‘ "l “H"” M w0 LD Vw1 aml!l BT 10 H “HH|||||||||||||II||H..
LI I L = R 1 1 N | | || RERTTRRT T
LI 1= W00 1| T T T T T T TR T T AR
LI 1] | = R w1 LI | (I TN |
T | =1 | || | N 1 TR TN
NIRRT L | 1 AR N
L= nrm I [T T |
BN L1 = T TR I I T T T T R
|1 L1 BRI | I L1 RN
|l | l RN | | [l
| NIRRT (T l il LI TR TR
LT 0 = mrrm men = | N R
1l N | WINn LI
I TN AR BN | |
[T 1] LIl l RN
TR TN N IR L1l | BTN A TR AR AR
IR 11| Wl LI T
= Il 1l II R N NIIHIRIY LIT | IR AT
I Wl ETTIN WAk
11 | l AT I
11111 l | I
IR LT =0 m | l NN
(TR O Tl [ W TTTI l LI
YRR A l mu |
NIRN | l |
FLLLL L 00 I l
| l ITRERNIHL
|1 l L]
|1l l
l Nl
I l Il
I l
I l
Hme '
111 LTI I

" Reads colored by haplotype



ALLELE PHASING T

Read-backed Phasing using GATK and WhatsHap

Kates, Johnson et al., 2018, AJB

A < 2,733 bp >
Supercontig 1,000 bp 2,000 bp
| | | | |
B 1 | | | | L1 | L l I
Heterozygous I " I
Sites | |
C ______________________________________________________________________________________________________________________________________________________________________________________________________________________ e
___________________ ol I L || |||} ——
D | | .t i . R £ : |
I I I I | I
I = | | I I
I I I | I | | R % | = |
Phase Blocks || LIl - |||
I | Il = [ | 1M |
I ' I | B | =2
I I I : I = I

For homeologs, only the phased sequence in the largest block was retained



GENE TREES WITH HOMEOLOGS

Physcomitrellopsis-africana-3142
I Entostﬁodon-smithhurstii-3465

Entosthodon-sp-3726
- Entosthodon-clavatus-3896

I{ Entosthodon-clavatus-3895
L Entosthodon-clavatus-3545

Entosthodon-duriaei-3843
L Entosthodon-planoconvexus-3114

Entosthodon-americanus-3894
i — Entosthodon-hungaricus-3838_h2
r Entosthodon-sp-3842
L Entosthodon-subintegrus-3840
L Entosthodon-sp-3837
Entosthodon-bergianus-3509
1 r Entosthodon-obtusus-3395
I Entosthodon-obtusus-3347
Entosthodon-attenuatus-3543
| Entosthodon-attenuatus-3835
L Entosthodon-attenuatus-3479
Entosthodon-lindigii-3546
Physcomitrium-hookeri-3412
—‘1 Physcomitrium-hookeri-3409
Physcomitrium-pyriforme-3404
Entosthodon-hungaricus-3838_h1
—L Physcomitrium-pyriforme-3410_h1
Physcomitrium-japonicum-3508
— Physcomitrium-japonicum-3816
Physcomitrium-japonicum-3411
Physcomitrium-japonicum-3539
Physcomitrium-japonicum-3551
Physcomitrium-japonicum-3413

Physcomitrium-pyriforme-3883
Physcomitrium-pyriforme-3118

Physcomitrella-magdalenae-3844
~|jE Physcomitrium-spathulatum-3549

Physcomitrium-sp-3814
Physcomitrium-subsphaericum-3556
I Physcomitrium-p?Iriforme-3787
Physcomitrium-pyriforme-3410_h2
Physcomitrium-pyriforme-3728
4 Physcomitrium-pyriforme-3727

i ‘[ Physcomitrium-pyriforme-3886
Physcomitrium-pyriforme-3496

Physcomitridium-readeri-3892

Physcomitrium-sp-3817

Physcomitrella-patens-3403
L Physcomitrella-patens-3139

Many genes have alleles consistent with _‘__thy\manqg:mm-\s;rsfé‘ﬁn;?géﬁg:"“'i”"“e“”'“'3'76‘“2
chloroplast phylogeny %

Physcomitrium-collenchymatum-3480
L Physcomitrium-collenchymatum-3178
Physcomitrium-sphaericum-3115

0.009



GENE TREES WITH HOMEOLOGS

— Entosthodon-sp-3726
Entosthodon-clavatus-3545

Entosthodon-clavatus-3895 .
| Entosthodon-clavatus-3896 Other genes are not consistent
Entosthodon-subint -3840 . .
— Entosthodonsp3s42. with allopolyploidy, but these are more rare
- Entosthodon-bergianus-3509

Entosthodon-obtusus-3395
— | Entosthodon-obtusus-3347

Entosthodon-attenuatus.3543 Evidence of tetraploid hybrids?
[ Entosthodon-attenuatus-3835 :
Entosthodon-planoconvexus-3114 Dupllcated geneS?

Entosthodon-duriaei-3843

Physcomitrium-pyriforme-3404
4‘ Physcomitrium-hookeri-3409 Need a rigorous way to summarize gene trees...
Physcomitrium-hookeri-3412

Entosthodon-lindigii-3546

Entosthodon-americanus-3894

Physcomitrium-pyriforme-3410_h1

Entosthodon-hungaricus-3838_h1
| L Entosthodon-hungaricus-3838_h2
Physcomitrium-pyriforme-3410_h2

Physcomitrium-japonicum-3508
Physcomitrium-japonicum-3551
Physcomitrium-japonicum-3539
Physcomitrium-japonicum-3411
Physcomitrium-pyriforme-3118
_} Physcomitrium-pyriforme-3727

Physcomitrium-pyriforme-3886
Physcomitrium-pyriforme-3728
L Physcomitrium-pyriforme-3496
- Physcomitrium-spathulatum-3549
Physcomitrium-subsphaericum-3556
'L Physcomitrium-sp-3814
Physcomitridium-readeri-3892
Physcomitrium-immersum-3176_h1
Physcomitrium-sp-3817
Physcomitrella-patens-3403
— Physcomitrella-patens-3139
— Aphanorrhegma-serratum-3305
Physcomitrium-sphaericum-3115
Physcomitrium-collenchymatum-3178
Physcomitrium-immersum-3176_h2

0.02



GENE TREE ANALYSIS

Physcomitrellopsis-africana-3142

— Entosthodon-smithhurstii-3465
Entosthodon-sp-3726
- Entosthodon-clavatus-3896
I'I-— Entosthodon-clavatus-3895
L Entosthodon-clavatus-3545
Entosthodon-duriaei-3843

L Entosthodon-planoconvexus-3114
Entosthodon-americanus-3894
i — Entosthodon-hungaricus-3838_h2
r Entosthodon-sp-3842
L Entosthodon-subintegrus-3840
_____ Entosthodon-sp-3837
Entosthodon-bergianus-3509
y r Entosthodon-obtusus-3395
I Entosthodon-obtusus-3347
Entosthodon-attenuatus-3543
l Entosthodon-attenuatus-3835
L Entosthodon-attenuatus-3479
Entosthodon-lindigii-3546
F;?\yscomitrium-?‘oolf(eri-34l2
H yscomitrium-hookeri-3409
Entosthodon hungaricus Ii Physcomitrium-pyriforme-3404
. Entosthodon-hungaricus-3838_h1
— Physcomitrium-pyriforme-3410_h1
Physcomitrium-japonicum-3508
—1 Physcomitrium-japonicum-3816

. . scomitrium-japonicum-
Homeolog 2: Sister to P pyriforme 3410 nE Physcomitrium japonicum.3551
L Physcomitrium-japonicum-3413

Physcomitrium-pyriforme-3883
| Physcomitrium-pyriforme-3118
— Physcomitrella-magdalenae-3844

Pattern found: 416/646 gene trees —{ - Physcomitrium-spathulatum-3549
- 0 T physcomitriomsp 384 s
399 with gene tree bootstrap > 70% B Physgomit,ium_pznfo,gmm
Physcomitrium-pyriforme-3410_h2
Physcomitrium-pyriforme-3728

_I Physcomitrium-pyriforme-3727
Physcomitrium-pyriforme-3886
Physcomitrium(-fyriforme-3496

Physcomitridium-readeri-3892

Physcomitrium-sp-3817

Physcomitrella-patens-3403

—L Physcomitrella-patens-3139

Physcomitrium-immersum-3176_h2

— Aphanorrhegma-serratum-3305

L Physcomitrium-immersum-3176_h1
Physcomitrium-collenchymatum-3480
L Physcomitrium-collenchymatum-3178
Physcomitrium-sphaericum-3115

Homeologs sister to each other: 69 genes !

0.009



INTERGENERIC HYBRID?

Physcomitrium spathulatum South Africa 3549
Physcomitrium subsphaericum Mexico 3556
Physcomitrium sp. South Africa 3814

Physcomitrella magdalenae Rwanda 3

Physcomitrium pyriforme USA 3118

Physcomitrium pyriforme USA 3883 5

Physcomitrium pyriforme USA 3728 2. Reduced sporophyte

Physcomitrium pyriforme USA 3886 " " Indehiscent capsule
Physcomitrium pyriforme USA 3727
Physcomitrium pyriforme USA 3798

Rapid Physcomitrium pyriforme USA 3496
Radiation Physcomitrium pyriforme Ireland 3787
f th Physcomitrium japonicum China 3539
of the Physcomitrium japonicum China 3551

E-P complex zgyscomi:njum Japonicum japan ;:ﬁ 1% Reduced sporophyte
scomitrium japonicum Japan =\ ;
thscomitrium ::ag%icum China 3508 " Indehiscent capsule
Physcomitrium japonicum China 3816
———Physcomitridium readeri France 3892 (>4 g g
zgyscomitn:um sp:aergcum Emna gg?g Physcomitrium-type
|Physcomitrium sphaericum China f
vPh;scomitrium sphaericum China 3141 A |L’ong sporop:)\yte
Physcomitrium sphaericum China 3672 / Peristome absent
Physcomitrium collenchymatum USA 3178 }K\ Revoluble annulus absent
Physcomitrium collenchymatum USA 3480
‘I:gyscomi trium gphaericun'b gxig?}l 15
scomitrium immersum o

A,'.')"-anorrhegma serratum USA 3305, J?' Reduced sporophyte
—Physcomitrella patens Canada 313 © W True operculum
l-sgyscomitrglla patggj ES:' 3'4033817
—— Physcomitrium sp. South Africa

Entosthodon hungaricus Austria 31774 %, Reduced sporophyte
—[Entosthodon hungaricus Hungary 3838% - dehiscence line
L Physcomitrium pyriforme USA 3410

g
"‘m s ' _Photo:.\.ARrehs
Physcomitrium eurystomum Germany 3392 a r -
Poyscomiiriam pororme oo s, - W0 Indehiscent capsule :
phadit ry - e u
2 Py i orme el 36 Entosthodon hungaricus

sthodon-Physcomitrium complex

odon-Physcomitrium clade

*Physcomitn‘um hookeri USA 3409
Physcomitrium hookeri USA 3412
EEntosthodon subintegrus Hawaii 3840

Entosthodon sp. New Caledonia 3842
Entosthodon sp. New Caledonia 3837
Entosthodon bergianus South Africa 3509

Ercsrodon s roand 4 > Maternal parent: Physcomitrium

=1 v = 'Entosthodon obtusus Ireland 3347b Entosthodon-type

——E Entosthodon attencatus Pougal 1535 | Long sporophyte .
et () Pertome preer Paternal parent: Entosthodon

Entosthodon muhlenbergii Hungary 3893 77955 Revoluble annulus absent

_LEEntosthodon americanus Canada 3894
Entosthodon lindigii Pg:)uu 3546: 3508
Entosthodon clavatus South Africa
Phylogram Lt Entosthodon clavatus South Africa 3896
(Bayesian Inference) — Entosthodon clavatus South Africa 3545

e Eriathodn . s 73 ) Reducedsporope  P<eelopss Parental divergence: > 25 mya

D ] Entosthodon smithhurstii Australia 3465 )% i
0.009 = Physcomitrellopsis africana South Africa 3142~ Vestigial operculum

N Funaria hygrometrica Germany 3179 »
\ Funaria hygrometrica USA 3515 (;l
Funaria hygrometrica USA 3632
Funaria hygrometrica USA 3476 \
Funaria hygrometrica Japan 3388 \
Funaria polaris Russia 3542 :
Funaria sp. China 3393 | Funaria-type
;unar!a sp. China 388c2h 5 | Very long sporophyte
unaria microstoma China ! ;
Funaria arctica Canada 3544 { Peristome present
Funaria arctica Canada 3833 | Revoluble annulus present
Funaria hygrometrica var. calvescens Reunion 3633
Funaria sp. Ethiopia 3514 )
Funaria sp. Ethiopia 3541 e
Funaria flavicans USA 4092 Y-
Funaria hygrometrica USA 3891 4
Funaria hygrometrica USA 3111 o
Goniomitrium africanum South Africa 4081 Pyramiduloideae
1Discelium nudum Sweden 3220
L —
=" Fncalypta intermedia USA 3219 Encalyptaceae

————Timmia austriaca Sweden 3619 ;
ik " Timmia megapolitana Norway 3338 Timmiaceae

Chamaebryum pottioides South Africa 3573
F‘Chamaebryum pottioides South Africa 3630

1

Funaria

Chamaebryum pottioides South Africa 3630b
Qedipodiella australis South Africa 4082 Gigaspermaceae
Costesia spongiosa Chile 4086
——— Gigaspermum repens South Africa 3583

———Lorentziella imbricata USA 3419

- Medina et al., 2018, MPE

=125 =100 -75 =50
Age (Mya)



GENE TREE ANALYSIS

_{—

Physcomit
En

reIIoEsis-africana-BMZ
tosthodon-smithhurstii-3465
Entosthodon-sp-3726

- i

Entosthodon-clavatus-3896
Entosthodon-clavatus-3895
L Entosthodon-clavatus-3545
Entosthodon-duriaei-3843

L Entosthodon-planoconvexus-3114
Entosthodon-americanus-3894
— Entosthodon-hungaricus-3838_h2

r Entosthodon-sp-3842

L Ent

L Entosthodon-subintegrus-3840
osthodon-sp-3837

Entosthodon-bergianus-3509

r Entosthodon-obtusus-3395

Physcomitrium pyriforme 3410

Homeolog 1: Sister to E. hungaricus 3838
Homeolog 2: In clade with four P pyriforme

Both patterns found: 299/646 gene trees
212 with gene tree bootstrap > 70%

Homeologs sister to each other: 85 genes

1 Entosthodon-obtusus-3347

Entosthodon-attenuatus-3543

l Entosthodon-attenuatus-3835

L Entosthodon-attenuatus-3479

I

—

Entosthodon-lindigii-3546

Physcomitrium-hookeri-3412

Physcomi
Physcomi

trium-hookeri-3409
trium-pyriforme-3404

Entosthodon-hungaricus-3838_h1

Physcomitrium-pyriforme-3410_h1

Physcomitrium-japonicum-3508
—

Physcomitrium-japonicum-3816

Physcomitrium-japonicum-3411
ﬂ | Physcomitrium-japonicum-3539

Physcomitrium-japonicum-3551
Physcomitrium-japonicum-3413
Physcomitrium-pyriforme-3883
Physcomitrium-pyriforme-3118

Physcomitrium-sp-3814
Physcomitrium-subsphaericum-3556

Physcomitrella-magdalenae-3844
~|jE Physcomitrium-spathulatum-3549

I Physcomitrium-p?Iriforme-3787
Ph

yscomitrium-pyriforme-3410_h2
4 Physcomitrium-pyriforme-3728

Physcomitrium-pyriforme-3727
Physcomitrium-pyriforme-3886

{ Physcomitrium-pyriforme-3496

Physcomitridium-readeri-3892

Physcomitrium-sp-3817

Physcomitrella-patens-3403
[ y p

Physcomitrella-patens-3139
Physcomitrium-immersum-3176_h2

0.009

<‘_

—— Aphanorrhegma-serratum-3305
L Physcomitrium-immersum-3176_h1

Physcomitrium-collenchymatum-3480

L Physcomitrium-collenchymatum-3178

Physcomitrium-sphaericum-3115



GENE TREE ANALYSIS

_I'—

Physcomitrello;\)sis—africana%142

Entost

odon-smithhurstii-3465
Entosthodon-sp-3726

- i

s Il

Entosthodon-clavatus-3896
Entosthodon-clavatus-3895
L Entosthodon-clavatus-3545
Entosthodon-duriaei-3843

[ Entosthodon-planoconvexus-3114

Entosthodon-americanus-3894
Entosthodon-hungaricus-3838_h2

r Entosthodon-sp-3842

L Entosthodon-subintegrus-3840

| Entosthodon-sp-3837

Entos

thodon-bergianus-3509
r Entosthodon-obtusus-3395

Physcomitrium immersum

Homeolog 1: Physcomitrella clade
Homeolog 2: Not in Physcomitrella clade

Gene tree discordance makes ID difficult

Homeologs in same clade: 126 genes

1 Entosthodon-obtusus-3347

Entosthodon-attenuatus-3543
l Entosthodon-attenuatus-3835

L E

I

N

ntosthodon-attenuatus-3479

Entosthodon-lindigii-3546

Physcomitrium-hookeri-3412

Physcomit
Physcomit

rium-hookeri-3409
rium-pyriforme-3404

Entosthodon-hungaricus-3838_h1

Physcomitrium-pyriforme-3410_h1

Physcomitrium-japonicum-3508
l y J

Physcomitrium-japonicum-3816

Physcomitrium-japonicum-3411
£| Physcomitrium-japonicum-3539

Physcomitrium-japonicum-3551
L Physcomitrium-japonicum-3413

Physcomitrium-pyriforme-3883

Physcomitrium-pyriforme-3118

— Physcomitrella-magdalenae-3844
_[_ Physcomitrium-spathulatum-3549

Physcomitrium-sp-3814
Physcomitrium-subsphaericum-3556

I Physcomitrium-p?/riforme-3787
Ph

yscomitrium-pyriforme-3410_h2
4 Physcomitrium-pyriforme-3728

Physcomitrium-pyriforme-3727
Physcomitrium-pyriforme-3886

{ PhyscomitriumJ)yriforme-3496
i

Physcomitridium-readeri-3892
Physcomitrium-sp-3817

0.009

Physcomitrella-patens-3403
[ y p

Physcomitrella-patens-3139
Physcomitrium-immersum-3176_h2

<‘_

—— Aphanorrhegma-serratum-3305
L Physcomitrium-immersum-3176_h1
Physcomitrium-collenchymatum-3480

L Physcomitrium-collenchymatum-3178

Physcomitrium-sphaericum-3115



NUCLEAR GENOME DISCORDANCE

T

|dentifying ancient allopolyploid parents
IN Mosses made easier with target sequencing

247 .
69

Confirmed hybrid origin of at least two species
iIn Entosthodon-Physcomitrium complex

193

308

Disagreement among nuclear genes

545 224

2 In haploid taxa complicate assessment

s @ of allopolyploid hybrid parents

624 373
19 17

=€ s @ Future: Identify all homeologs to

include in a single ASTRAL
@~ analysis to more accurate

: 21 @ placement of parental genomes




CONFIRMING HETEROZYGOSITY

Future Directions

Large phylogeny of E. hungaricus and P immersum using 2-step PCR (5 genes)

Sanger sequencing of HybSeq genes reveals “double peaks”
in SNP locations for other samples of P immersum and E. hungaricus



CONFIRMING HETEROZYGOSITY

Future Directions

Expand analysis to cover all 15 samples with high heterozygosity

Physcomitrium—-sp-3550
Physcomitrium-sp-3141
Physcomitrium—pyriforme-3410
Physcomitrium-sp-3815
Physcomitrium—immersum-3176
Physcomitrium-sp-3672
Entosthodon-hungaricus—-3838
Physcomitrium—eurystomum-3392
Physcomitrium—pyriforme-3387
Physcomitrium—eurystomum-3841
Entosthodon-attenuatus—-3543
Physcomitrium—pyriforme-3555
Entosthodon-sp-3837
Entosthodon—pulchellus-3120
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ALLELE PHASING

Read-backed Phasing using GATK and WhatsHap

A < 2,733 bp >
Supercontig 1,000 bp 2,000 bp
I I I I I
B | | | | | 1 1 | Bt I
Heterozygous I " I
Sites | |
C ______________________________________________________________________________________________________________________________________________________________________________________________________________________ s
Depth — T ST T T—
A/C A/T T/C T/C G/T

How to build two sequences?

Kates, Johnson et al., 2018, AJB



ALLELE PHASING

How to build two sequences?

Kates, Johnson et al., 2018, AJB

A < 2,733 bp >
Supercontig 1,000 bp 2,000 bp
| | | | |
B 1 || | 1 NI | ROETHTI I I
Heterozygous I " I
Sites | |
C ..................................................................................................................................................................................................................... s
Dot —— - U T T
A/C A/T T/C T/C G/T
Read 1

Read 2

Read 3 T T
Read 4 c G

If read depth is low, may not be able to connect all SNPs

For example: Introns



ALLELE PHASING

Read-backed Phasing using GATK and WhatsHap

Kates, Johnson et al., 2018, AJB

E  Consensus AAGAACCTTGTCACCGGGGACATGTCAGAGCTGAAGGTGT e ¢ e e e e e e e e oo TGAGTCCCTTATATTCAACAGATTAGTTTGACA
Ambiguity AAGAACSTTGTCACYGGGGAMRTKTCRGAGCTGAAGGTGT e ¢ ¢ e e e e e 0o e e e TGAGTCYCTTAYATTCAAYAGAKYAGTTTGACA
Phased Allele 1 AAGAACGTTGTCACCGGGGACATGTCAGAGCTGAAGGTGT e e e e e e e e oo oo e TGAGTCYCTTAYATTCAAYAGAKYAGTTTGACA
Phased Allele 2| AAGAACCTTGTCACTGGGGAAGTTTCGGAGCTGAAGGTGT .« e e eoeeeosess TGAGTCYCTTAYATTCAAYAGAKYAGTTTGACA

Options if supercontig cannot be fully phased:

1. Split into two genes

2. Retain consensus sequence

3. Retain ambiguity characters

4. Delete sequence outside largest phase block

Code available: github.com/mossmatters/phyloscripts



http://github.com/mossmatters/phyloscripts

