Supplementary Figures
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Figure S1. Five datasets containing testicular tubule sections from different mutant mice and wild type controls, and four analysis and segmentation modules linked to the datasets. 
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Figure S2. Qualitative segmentation results of six testicular cells on five tubules of D3 and D4. (A) The trained SCSD-Net+HIL the true values and the segmentation results of the five different phenotypic tubules are shown with false colors in (B) and (C), respectively. (D) shows a false-color plot of the segmentation results of four testis cells (B) superimposed on the original tubules (A). The original images (A), segmentation results (C, D), and truth values (B) of the trained SCSD-Net+HIL ST images of the five phenotypes HDKO, HDBKO, AcP1KO, AcP2KO and AcDKO (from top row to bottom row), respectively. Blue color for SC (Sertoli cells), purple for spg (spermatogonia), red for espc (early spermatocytes) , orange for spc (spermatocytes), green for rs (round spermatids), yellow for es (elongating spermatids).
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Figure S3. (A) Picture of AcDKO and control mice body (4-week-old); (B) Body weight (P = 0.9134, N ≥ 7) was not significantly different between control and AcDKO mice; (C) Testes/body weight ratio (P = 0.8 × 10−4, N ≥ 7) in AcDKO mice were significantly reduced.   (D) Litter size number (P = 0.0583, N = 5) was not significantly different between control and AcDKO mice.
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Figure S4. The crossing strategy to generate AcDKO. 
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Figure S5. The effect of increasing number of tubules on quantitative analysis of cellular composition of testes from wild type mice (N=5). The mean and standard deviation(SD) were shown for all tubule sections (A), round tubule sections(B) and St VI to VIII round tubule sections (C).
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Figure S6. The minimum number of tubule sections needed to achieve a stable quantification of rspd, spc, sgsc and sc for the analysis using all tubule sections, round tubule sections and St VI to VIII round tubule sections. The mean and standard deviation were shown on the graph.
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Figure S7. The crossing strategy to generate HDBKO.
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Figure S8. (A) Quantification of germ cells per Sertoli cell in St VI to VIII tubule cross section of the testes from WT and AcP1KO male mice. (B) Quantification of germ cells per Sertoli cell in St VI to VIII tubule cross section of the testes from WT and AcP2KO male mice.(C) Quantification of germ cells per Sertoli cell in St VI to VIII tubule cross section of the testes from WT and AcDKO male mice.






Supplementary Tables
Table S1. Symbols used in this study
	Symbol
	Description
	Symbol
	description

	ST
	Seminiferous tubules
	sc
	Sertoli cells

	spg
	Spermatogonia 
	spc
	Pachytene, diplotene and metaphase spermatocytes

	espc
	Early spermatocytes
	es
	Elongating spermatids (St IX to XI)

	rs
	Round spermatids
	SE module
	Squeeze-and-Excitation module

	HIL
	Human Interactive learning
	SCSD-Net
	U-Net with a SE module and two Attention dense unit

	SCSD-  Net±HIL
	SCSD-Net with Human interactive learning
	Conv
	Convolution operation

	BN
	Batch normalization operation
	Leaky ReLU
	Leaky rectified linear unit activation function

	L
	Loss function
	Lweighted
	Weighted cross entropy loss

	LDice
	Dice coefficient loss function
	Wc
	Weight of class c

	i
	One pixel or one class
	yi
	Semantic prediction

	pi
	Ground truth
	N
	Number of pixels

	C
	Number of classes
	ϵ
	A constant term

	TP
	True positive samples
	FP
	False positive samples

	TN
	True negative samples
	FN
	False negative samples

	PA
	Pixel accuracy
	MPA
	Mean pixel accuracy

	CPA
	Class pixel accuracy
	Pi
	CPA for one of the classes

	MIoU
	Mean intersection over Union
	FWIoU
	Frequency weighted intersection over union

	Symbol
	Description
	Symbol
	description

	ST
	Seminiferous tubules
	sc
	Sertoli cells


Table S2. Number of four types of testicular cells of BKO mice used in the training and test sets of Dataset 3(D3) 
	Stages
	
	VI-XI
	

	Cell types
	
	spg
	espc
	spc
	rs
	sc

	Training set
	# of cells before HIL
	5
	24
	37
	31
	11

	
	# of cells after HIL
	7
	15
	39
	25
	9

	Testing set
	# of cells
	8
	15
	42
	29
	9


Spg for spermatogonia, espc for early spermatocyte, spc for pachytene/diplotene/metaphase spermatocytes, rs for round spermatids, and sc for Sertoli cells, respectively. Since BKO is arrested at roung spermatid stage, there is no elongating spermatid (es) category for BKO tubule section training and testing.



Table S3. Number of seminiferous tubule sections (ST) in D3 used for statistical analysis of cell composition at stages I-XII.
	Stages
	I-III
	IV-V
	VI-XI
	XII
	Total

	# of ST images
	281
	328
	482
	123
	1214

	# of ST images after selection
	201
	256
	371
	68
	896

	# of ST images analyzed by histologists (Sub-D3)
	-
	-
	38
	-
	-




Table S4. Cellular composition analysis of AcP1/P2/DKO mouse testis tubules (round tubule sections) [mean±SeD]
	
	Genotype
	spg
	espc
	spc
	rs
	es
	sc
	total

	Control
(n=729)
	Pum1F/F
	7.7±8.8
	14.3±20
	44.8±14.4
	74.8±43.9
	23.2±40.1
	7.6±3.1
	172.5±42.2

	AcP1KO
(n=673)
	Amh-cre;
Pum1F/F
	5.9±6.8
	12.6±17.1
	39.5±14.3
	67.9±41.4
	22±37.9
	8.1±3.1
	155.9±39.2

	p-value
	
	0.0000
	0.0795
	0.0000
	0.0025
	0.5764
	0.0058
	0.0000

	percentage decrease
	
	23
	12
	12
	9
	5
	-7
	10

	Control
(n=602)
	Pum2F/F
	6.1±7.7
	14.1±19.6
	45.3±16.5
	82.6±45.6
	20.6±39.3
	9.8±3.7
	178.5±45.6

	AcP2KO
(n=856)
	Amh-cre;
Pum2F/F
	4.6±6.2
	13.4±17.6
	40.1±16.9
	65±41.7
	21.8±37.7
	9.8±3.6
	154.8±48.4

	p-value
	
	0.0000
	0.04513
	0.0000
	0.0000
	0.5671
	0.8502
	0.0000

	percentage decrease
	
	25
	5
	11
	21
	-6
	0
	13

	Control
(n=881)
	Pum1F/F;
Pum2F/F
	5.8±6.9
	14.4±17.9
	40.2±14.9
	67.7±42
	20.6±36.6
	7.5±3.1
	156.1±39.6

	AcDKO
(n=813)
	Amh-cre;
Pum1F/F;
Pum2F/F
	5.2±6
	10.6±13.8
	31.5±12.8
	49.6±32.5
	15.7±28.2
	6.7±2.9
	119.3±35.3

	p-value
	
	0.0701
	0.0000
	0.0000
	0.0000
	0.0022
	0.0000
	0.0000

	percentage decrease
	
	10
	26
	22
	27
	24
	11
	24





Table S5. Cellular composition analysis of AcP1/P2/DKO tubules from stage VI-VIII [mean±SeD]
	
	Genotype
	spg
	espc
	spc
	rs
	es
	sc
	total

	Control
(n=185)
	Pum1F/F
	15.4±11
	10.1±15.7
	47.9±10.5
	105±23.9
	0.5±6.7
	7.1±3
	186.1±34.5

	AcP1KO
(n=166)
	Amh-cre;
Pum1F/F
	11.2±9.4
	10.5±13.6
	41.4±10.3
	96±22.6
	0±0
	7.6±2.9
	166.7±32.8

	p-value
	
	0.0002
	0.7981
	0.0000
	0.0003
	0.3048
	0.1116
	0.0000

	percentage decrease
	
	27
	-4
	14
	9
	N/A
	-7
	10

	Control
(n=179)
	Pum2F/F
	10.7±11
	15.4±16.4
	49.7±13.1
	113.5±26.9
	0±0.1
	9.5±3.5
	198.8±36.8

	AcP2KO
(n=232)
	Amh-cre;
Pum2F/F
	8.6±8.9
	12.4±14.1
	43.2±12.1
	95.9±29
	0.4±3.4
	9.4±3.2
	169.9±41.1

	p-value
	
	0.0315
	0.0524
	0.0000
	0.0000
	0.0974
	0.8153
	0.0001

	percentage decrease
	
	20
	19
	13
	16
	N/A
	1
	15

	Control
(n=257)
	Pum1F/F;
Pum2F/F
	7.9±9.2
	14.8±14.9
	42.1±11.7
	93.5±25.5
	0.5±2.2
	7±2.8
	165.8±30

	AcDKO
(n=206)
	Amh-cre;
Pum1F/F;
Pum2F/F
	6.3±7.9
	11.8±10.8
	35.4±10.4
	72.3±22.7
	0.8±5.9
	6.5±2.8
	133.1±29.8

	p-value
	
	0.0534
	0.0156
	0.0000
	0.0000
	0.4331
	0.0473
	0.0000

	percentage decrease
	
	20
	20
	16
	23
	N/A
	7
	20


N/A: since there are few, if any, of elongating spermatids (es) in St VI,VII and VIII, the percentage decrease is not applicable, as the calculation will be misleading due to the extremely small number or 0 of es in most of the genotypes.

Table S6. Cellular composition analysis of AcP1/P2/DKO tubules (all tubules) [mean±SeD]
	
	Genotype
	spg
	espc
	spc
	rs
	es
	sc
	total

	Control
(n=853)
	Pum1F/F
	7.7±8.8
	14.6±20.3
	44±14.9
	75.9±44.6
	23.6±40.5
	7.6±3.1
	173.4±43

	AcP1KO
(n=816)
	Amh-cre;
Pum1F/F
	6.1±7.1
	12.7±17.4
	38.6±14.4
	69.5±41.9
	21.9±38.2
	8±3.1
	156.8±39.5

	p-value
	
	0.0000
	0.0356
	0.0000
	0.0026
	0.3835
	0.0039
	0.0000

	percentage decrease
	
	21
	13
	12
	8
	7
	-5
	10

	Control
(n=742)
	Pum2F/F
	6.1±7.7
	14.3±19.6
	44.4±16.5
	83.5±46.3
	21.1±40.1
	9.8±3.7
	179.3±46.5

	AcP2KO
(n=952)
	Amh-cre;
Pum2F/F
	4.7±6.3
	13.3±17.5
	39.3±17.3
	66.8±43.3
	21.8±38.2
	9.7±3.7
	155.6±49.9

	p-value
	
	0.0000
	0.2398
	0.0000
	0.0000
	0.7218
	0.5640
	0.0000

	percentage decrease
	
	23
	7
	11
	20
	-3
	1
	13

	Control
(n=926)
	Pum1F/F;
Pum2F/F
	5.8±6.8
	14.2±17.8
	38.8±14.6
	67.9±41.6
	20.4±36.4
	7.3±3
	154.4±39.4

	AcDKO
(n=925)
	Amh-cre;
Pum1F/F;
Pum2F/F
	5.3±6.1
	10.7±14.1
	30.8±12.8
	50.4±32.9
	15.8±28.6
	6.7±2.9
	119.7±35.8

	p-value
	
	0.0904
	0.0000
	0.0000
	0.0000
	0.0026
	0.0000
	0.0000

	percentage decrease 
	
	9
	25
	21
	26
	23
	8
	22


    

Table S7. Diameter and area of AcP1/P2/DKO seminiferous tubule sections (round tubule) [mean±SeD]
	
	Genotype
	diameter
	ratio
	area

	Control(n=692)
	Pum1F/F
	189.3±19.9
	1.023±0.104
	36±6.5

	AcP1KO(n=590)
	Amh-cre; Pum1F/F
	185.8±20.5
	1.037±0.116
	34.7±6.3

	p-value
	
	0.00001
	0.02399
	0.00023

	percentage decrease
	
	2
	-1
	4

	Control(n=596)
	Pum2F/F
	205.9±23.4
	1.036±0.108
	42.7±8.4

	AcP2KO(n=766)
	Amh-cre; Pum2F/F
	191.6±22.4
	1.016±0.11
	37±7.5

	p-value
	
	0.00000
	0.36950
	0.00000

	percentage decrease
	
	7
	2
	13

	Control(n=798)
	Pum1F/F; Pum2F/F
	185±18.6
	1.021±0.11
	34.4±5.7

	AcDKO(n=813)
	Amh-cre;
Pum1F/F; Pum2F/F
	169.3±20.6
	1.037±0.116
	28.9±6.2

	p-value
	
	0.00000
	0.80761
	0.00000

	percentage decrease
	
	9
	-2
	-1





Table S8. Cellular composition analysis of BKO/HDKO/HDBKO testicular tubules (round tubule sections) [mean±SeD]
	
	Genotype
	spg
	espc
	spc
	rs
	es
	sc
	total

	WT
(n=1245)
	
	8.8±9.5
	12.3±19.3
	42.5±15.9
	76.2±43.8
	24.1±40.3
	9.6±3.9
	173.6±44.7

	BKO
(n=512)
	Boule-/-
	5.1±5.9
	14.1±19
	42.6±19.2
	20.6±20
	2.9±4.8
	7.8±3.8
	94.6±36.7

	p-value
	
	0.0000
	0.0786
	0.9548
	0.0000
	0.0000
	0.0000
	0.0000

	percentage decrease
	
	42
	-14
	0
	73
	88
	19
	45

	HDKO
(n=1044)
	Hspa2-cre;
DazlF/-
	3.8±4.9
	20.7±18
	34.5±13.5
	10.8±13.2
	5.1±6.7
	7.9±3.9
	82.8±24.2

	p-value
	
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000

	percentage decrease
	
	57
	-68
	19
	86
	79
	18
	52

	HDBKO
(n=476)
	Hspa2-cre;
DazlF/-;
Boule-/-
	3.3±3.9
	21.1±16
	31.2±13.1
	0.6±1.1
	1.7±2.2
	9.6±3.5
	67.6±19.5

	p-value
	
	0.0000
	0.0000
	0.0000
	0.0000
	0.0000
	0.9097
	0.0000

	percentage decrease
	
	62
	-71
	27
	99
	93
	0
	61















Table S9. Diameter and area of BKO/HDKO/HDBKO/ seminiferous tubule sections (round tubule)
	
	Genotype
	diameter
	ratio
	area

	Control(n=1255)
	
	188.8±31.37
	1.055±0.1977
	34.6±9.2

	BKO(n=773)
	Boule-/-
	170.1±37.88
	1.05±0.2653
	29.4±11.1

	p-value
	
	0.00000 
	0.57840 
	0.00000 

	percentage decrease
	
	10
	0.00
	15

	HDKO(n=1128)
	Hspa2-cre;
DazlF/-
	155.4±17.56
	0.9688±0.1285
	24.2±44.4

	p-value
	
	0.00000 
	0.00000 
	0.00000 

	percentage decrease
	
	18
	8
	35

	HDBKO(n=522)
	Hspa2-cre;
DazlF/-;Boule-/-
	155.6±30.19
	1.015±0.1254
	24.9±9.8

	p-value
	
	0.00000 
	0.00000 
	0.00000 

	percentage decrease
	
	18
	4
	28




Table S10. number of testis sections and all tubules used for this study
	Name
	Genotype
	# of mouse
	# of testis sections
	# of all tubules

	WT
	-
	5
	13
	1577

	BKO
	Boule-/-
	3
	9
	896

	HDKO
	Hspa2-Cre;DazlF/-
	3
	6
	1128

	HDBKO
	Hspa2-Cre;DazlF/-;Boule-/-
	3
	6
	659

	AcP1KO
	Amh-cre;Pum1F/F
	3
	9
	673

	AcP2KO
	Amh-cre;Pum2F/F
	3
	8
	856

	AcDKO
	Amh-cre;Pum1F/F;Pum2F/F
	3
	20
	813





Supplementary method
1. Loss function
The loss function comprises weighted cross-entropy loss (2) and Dice coefficient loss (3), and their sum represents the final loss. Nuclear region and class loss functions correspond to categories 2 and 5, respectively.
	[image: ] [image: ]	
where
	[image: ][image: ]	
and
	[image: ]	






Here, the semantic prediction value and ground truth for category  are represented as and, respectively.  denotes the total number of pixels in the image and  is a constant term.  defines the weight for category c defined as:
	[image: ]	
Where the total number of categories C=5. The weighted cross-entropy loss (2) effectively addresses the issue of data imbalance in semantic segmentation tasks.

2.Semantic segmentation model evaluation metrics
Segmentation performance is typically assessed by calculating pixel-level segmentation accuracy based on the confusion matrix of predicted results versus ground truth on the test set. Pixel Accuracy (PA), Mean Pixel Accuracy (MPA), Mean Intersection over Union (MIoU), and Frequency-Weighted Intersection over Union (FWIoU) were selected as quantitative metrics. PA computes the ratio of pixels correctly predicted for each class to all pixels in the image, defined as:
	[image: ]	


Mean Pixel Accuracy (MPA) calculates the proportion of pixels correctly classified for each class, and then computes the average across all classes.  is defined as one of the classes of CPA. the definitions of  and MPA are:

	[image: ]	
and


 		
IoU is the ratio of the intersection to the union of the predicted and ground truth categories. MIoU is the average IoU across all classes. The definitions for IoU and MIoU are as follows:


		
and


		
FWIoU is calculated by considering the frequency of each class as a weight. The weight is then multiplied by the IoU for the corresponding class, and the sum is calculated. The formula for Weighted IoU is as follows:


		
54
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